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1INTRODUCTION
BONE MINE] T JOINT
The wrist is the most complex joint in the body22. It provides the final positioning 
for the hand in a multilinked cantilevered effector mechanism enabling humans to 
perform very sophisticated movements. With these movements of the hand, forces 
are generated which act upon the kinematic chain and are transmitted through the 
carpal joint to the forearm. The kinematic chain of the arm consists of upper arm, 
fore arm, wrist, hand and fingers, which act, in unison, to provide a maximal range 
of motion with maximal stability.
The wrist joint has three articulations with the proximal carpal row, the scaphoid 
fossa and lunate fossa of the distal radius and the distal ulna (Fig. 1). The proximal 
carpal row consists of the scaphoid, the lunate and the triquetrum.
FIGURE 1
Anatomic regions of the distal radius and ulna.
Force transmission through the carpal joint has been a subject of research for many 
authors. A variety of different methods has been used to evaluate the effects of these
3 14 27 28forces. Pressure sensitive film was used by Blevens , Kazuki , Short , Tencer , 
Viegas31-36 and Werner38. Short27, Trumble29 and Werner38, 39 used load cells to 
quantify these forces. Others used pressure sensitive conductive rubber sensors10 or 
strain gauges15, 21 to measure force transmission. Horii11 developed a rigid body 
spring model to estimate the force transmission through the carpal joint. An1 and 
Coe5 offer an overview of techniques to measure force transmission through the 
carpal joint in the different treatment modalities for Kienböck’s disease.
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A normal wrist shows a force transmission pattern in which a maximum is seen in 
the scaphoid fossa as well as in the lunate fossa, which accounts for approximately 
40 % of the entire joint surface. On the outer site of these centers, forces are 
transmitted evenly through the surface of the distal radius, distal ulna and proximal 
carpal row. Viegas30 stated that even in the highest loads applied the contact areas 
remain small, no more than 40 % of the total joint surface.
Changes in force transmission patterns in pathologically altered wrists were 
described as well.
In a dorsal intercalated segment instability (DISI) deformity the radioscaphoid 
contact area decreased and shifted to a radiodorsal location while the force 
transmitted through that contact area increased in particular in a partially uncoupled 
scaphoid instability pattern. The radiolunate contact area increased but remained 
concentric. So did the force transmitted3.
Viegas32, 35, 36concluded that a DISI deformity gave rise to a decrease in scaphoid 
contact area compared with an increase in force transmission through the 
radioscaphoid joint. In a volar intercalated segment instability (VISI) deformity 
however, a palmar shift of the scaphoid and lunate contact areas was observed while 
the force transmission pattern remained unchanged.
This area of increased load in the radioscaphoid joint in a DISI deformity
13, 32, 37corresponds with the area in which degenerative changes develop13, 32, 37. 
Garcia-Elias8 mentioned late degenerative osteoarthritic changes developing as a 
result of abnormal distribution of force within the wrist combined with substantial 
changes in the intracarpal kinematics.
In all of the above-mentioned force transmission studies only the momentary force 
applied on the distal radius and ulna is measured. Most of the studies are conducted 
in an in vitro manner and have the disadvantage of bringing force transmission 
measuring devices into the radiocarpal joint, with the potential danger of disrupting 
the delicate local anatomy.
In order to measure force transmission patterns in our patients we needed a method 
which could be applied in vivo. This information would enable us to define these 
patterns in various pathological conditions of the wrist joint. Due to the fact that
11
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these measurements can be repeated we are able to define these patterns before and 
after wrist surgery.
We performed a feasibility study of cadaver wrists and three groups of patients with 
various wrist pathology. The method we used was the only available method to 
measure in vivo force transmission through the wrist joint and was developed by 
Müller-Gerbl24. We studied three types of wrist pathology, the scapholunate (SL) 
dissociation (Fig.2), Morbus Kienböck’s disease (Fig. 3) and the distal radioulnar 
joint (DRUJ) instability with an ulnar plus variance (Fig. 4).
FIGURE 2
PA-X-ray of a left wrist showing a 
Static scapholunate dissociation.
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FIGURE 3
PA X-ray of a left wrist showing a morbus Kienböck 
stage IV (avascular necrosis of the lunate) according 
to Lichtman.
FIGURE 4
PA X-ray of a right wrist showing a distal radioulnar 
joint instability with an ulnar plus variance due to a 
Colles’ fracture with radial shortening.
13
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The force transmission patterns of three types of operations were studied, the 
proximal row carpectomy (PRC) (Fig. 5), the lunate-capitate-triquetrum-hamate 
(LCTH) arthrodesis (Fig. 6) and the Sauvé-Kapandji procedure (Fig. 7).
FIGURE 5
PA X-ray of a left wrist after a proximal row carpectomy 
(excision of scaphoid, lunate, and triquetrum). Small bone 
fragments attached to the volar ligaments are left 
behind to avoid damage to those ligaments (arrow).
14
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FIGURE 6
PA X-ray of a right wrist after an LCTH-arthrodesis. 
Resection of the scaphoid (arrow) and fusion of the lunate, 
capitate, triquetrum and hamate is performed.
FIGURE 7
PA X-ray of a left wrist after a Sauvé-Kapandji procedure. 
Fusion of the DRUJ is performed. An osteotomy is 
performed to facilitate pronation and supination.
15
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We used the only available in vivo method to establish force transmission through 
the wrist joint. This method prevents disrupting the delicate local anatomy and can 
measure force transmission pattern changes over long periods of time. The basic 
principle of this method is the assumption that bone will change in thickness under 
different loading conditions. This was already postulated in 1892 by Wolff40. 
According to his law: “The shape of the bone being given, the amount and the 
structure of the bone adapts itself to the dynamic physiological loads applied to it”.
25 20 18Pauwels , Maquet and Kummer described the possibility of joints to adapt to 
increased forces acting upon its surfaces for longer periods of time by increasing the 
bone mineral density BMD of the subchondral bone.
In 1990, Wu41 assessed the changes in bone and cartilage changes radiologically, 
and histologically. The purpose of his work was to determine whether subchondral 
bone changes are an integral part of the development of osteoarthritis of the knee 
following experimentally created tibial angulation. Thirty-degree varus or valgus 
proximal tibial osteotomies were created in female New Zealand white rabbits. 
Thirty-four weeks following osteotomy, severe cartilage and bone changes, with the 
formation of osteophytes, fibrillation, derangement of cell columns, and cloning, 
were evident on the overloaded condyle, accompanied by increased subchondral 
bone density. The subchondral bone became denser as a result of the increased load. 
He concluded that osteoarthritis is a final common pathway for mechanically 
induced joint failure, and that progressive cartilage change is associated with 
increased subchondral bone density.
Living bone is continuously undergoing remodeling to adapt its overall structure to 
changes in its load environment6. The effects of mechanical forces on maintenance 
and adaption of form in bone is described by Huiskes12. Osteocytes have a 
prominent function in the transduction of mechanical signals4, 19, 23. A network of 
osteocytes and lining cells derived from osteoblasts forms a syncytium, which 
transduces signals to the surface of the bone when loading occurs. Bone is formed 
by the surface osteocytes until the strains are normalized12. The time scale of these 
remodeling processes is in the order of months7.
In order to evaluate the long-term effects of force transmission through the carpal 
joint the data concerning BMD of the distal radius and distal ulna can help to
16
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estimate the result of these forces. Studies of Bade2, Koebke16, 17, Müller-Gerbl24 and 
Giunta9 concerning the long-term effects of force transmission confirm the findings 
of the above mentioned authors that a normal wrist shows a force transmission 
pattern in which a maximum is seen in the scaphoid fossa as well as in the lunate 
fossa, which accounts for approximately 40 % of the entire joint surface. On the 
outer site of these centers, forces are transmitted evenly through the surface of the 
distal radius, distal ulna and proximal carpal row. Pathological alterations of the 
proximal carpal row will change the intracarpal kinematics and give rise to an 
abnormal force distribution pattern in the wrist. As a result of this, arthritic changes 
may occur and give rise to pain and dysfunction of the wrist. Early recognition of 
BMD alterations in the distal radius, distal ulna and proximal carpal row in patients 
with proximal wrist pathology will enable the physician to anticipate the possible 
occurrence of arthritic changes in the patient's wrist in the future and act upon these 
findings.
With this method it will be possible to evaluate as well the postoperative result, in 
terms of BMD pattern normalization.
First we investigated the feasibility of dual-energy x-ray absorptiometry (DEXA) to 
measure BMD. To evaluate the BMD pattern of the cadaver wrists, a DEXA-scan 
was performed using a HOLOGIC QDR-1000 (HOLOGIC Inc. Waltham MA.
USA). The DEXA-scan involves a two-dimensional picture of the BMD pattern of a 
subject's wrist. DEXA scanning is able to confirm the occurrence of BMD changes, 
but is not able to show the way it changes. The DEXA-scan cannot predict the three 
dimensional force transmission patterns through the wrist.
At that time Müller-Gerbl presented her Computed Tomography Osteo- 
Absorptiometry method to define force transmission patterns through the wrist joint 
three dimensionally. We used this method but introduced the quantification of the 
Houndsfield units obtained by the CT-A scan. We scanned eight containers with an 
increasing concentration of K2 HPO4 , a soluble equivalent to hydroxy apatite 
together with the wrists. A semiquantative segmentation was performed on the CT- 
A datasets using the computer program Analyze® (Mayo Clinic)26 Quantification, 
rendering, 3D reconstruction and BMD pattern measurements were done by using 
locally written software, VROOM® (Volume Rendering by Object-Oriented
17
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Methods)42 In this program, the average BMD of the first ten millimeters in the 
direction perpendicular to the bone surface can be color coded, so that changes in 
cortical BMD on the surface can be effectively compared. Grey represents the 
lowest BMD while red represents the highest bone density. This program was 
already used to quantify bone thickness of the skull in children with 
craniodysostosis43.
A specific BMD pattern in a normal wrist could be established. A normal BMD 
pattern consists of two centers of force transmissions in respectively the scaphoid 
fossa and lunate fossa and a homogenous, distribution of BMD throughout the rest 
of the joint surfaces.
In pathologically altered wrists with distal radius or proximal row problems a shift 
in BMD occurred toward the dorsal rim and the styloid process of the scaphoid 
fossa, which indicates a shift in force transmission pattern towards those sites. A 
decrease in BMD in the lunate fossa and distal ulna could be observed as long as the 
lunate articulate in a normal fashion. If the lunate articulates abnormally a slight 
increase in BMD can be noticed in the lunate fossa as well.
A similar shift in BMD can be observed in the proximal part of the proximal carpal 
row.
After establishing a reproducible method of determining BMD patterns, which 
resemble force transmission patterns, we investigated three groups of patients 
suffering from proximal carpal row, distal radius or distal radio-ulnar joint 
pathology. All patients on the waiting list of the University Medical Center Utrecht 
with different wrist pathology, in which BMD changes were to be expected, were 
asked to participate in this research. Fifteen of these patients with wrist pathology 
were studied.
18
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The first group of patients consisted of five individuals with proximal carpal row 
pathology, who underwent a proximal row carpectomy (PRC). (Chapter 5)
The questions underlying this investigation were:
1. Do BMD patterns differ significantly in pathologically altered 
versus normal wrists in patients with unilateral proximal row 
pathology?
2. Do these BMD patterns changes coincide with the sites where 
osteoarthritis usually develops?
3. What are the effects on the BMD patterns after a PRC? In 
particular, does the capitate ride on the ulnar edge of the ulnar 
fossa because of the less oblique course of the radioscaphocapitate 
ligament (RSC)?
The second group of patients consisted of five individuals with proximal row 
pathology who underwent a lunate-capitate-triquetrum-hamate arthrodesis (LCTH). 
(Chapter 6)
The questions underlying this investigation were:
1. Do BMD patterns differ significantly in pathologically altered 
versus
normal wrists in patients with unilateral proximal carpal row 
pathology.
2. What are the effects on the BMD patterns after an LCTH- 
arthrodesis? In particular, will the lunate fossa be loaded in a 
physiological manner or will the LCTH bone block ride on the 
dorsal site of that fossa because of the decreased flexion capability 
of this intracarpal fusion?
1 9
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The third group of patients consisted of five individuals with distal radioulnar 
(DRUJ) joint pathology who underwent a Sauvé-Kapandji procedure. (Chapter 7) 
The questions underlying this investigation were:
1. Do BMD patterns differ significantly in pathologically altered 
versus normal wrists in patients with distal radio-ulnar joint 
(DRUJ) pathology. In particular, will an ulna plus variance induce 
an increase in force transmission through the distal ulna?
2. What are the effects on the BMD patterns after a Sauvé-Kapandji 
procedure? In particular, will the distal ulna be unloaded if it is 
leveled?
3. Will a Sauvé-Kapandji procedure have an effect on the radiocarpal 
joint in terms of an increase in force transmission through that 
joint? In particular, may this procedure create pathology in the 
radiocarpal joint in the long-term?
The CT-A method of determining BMD patterns, which represent the long-term 
force transmission, can be used in vivo and can be employed to follow up these 
patterns over longer periods of time. Changes in these patterns are indications for a 
physician that the development of osteoarthritis is at hand.
2 0
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ABSTRACT
To investigate the feasibility of using a dual-energy X-ray absorptiometry (DEXA) 
scan to predict long-term force transmission patterns in wrists.
Both wrists of a man with a morbus Kienböck stage IIIa disease of his left wrist 
(avascular
necrosis of the lunate) were examined by a DEXA-scan to determine the differences 
in bone mineral density (BMD) in the distal radius.
In the distal radius of the injured wrist a shift in BMD was seen toward the scaphoid 
fossa, which resembles the shift in force transmission pattern described in force 
transmission studies of the wrist.
These differences can be interpreted as a result of an altered force transmission 
pattern in the injured wrist.
INTRODUCTION
To develop a useful method to measure in vivo the result of changes in long-term 
force transmission through the wrist we investigated the feasibility of a dual-energy 
X-ray absorptiometry (DEXA) scan.
Force transmission through an injured wrist will give rise to the evolution of 
osteoarthritis, which will cause pain and impaired movement of the wrist. We 
performed a DEXA-scan on a patient with morbus Kienböck’s disease (avascular 
necrosis of the lunate) of his left wrist to describe the long-term changes in BMD 
that are probably caused by changes in force transmission.
CASE REPORT
A forty-two year old man presented had limited motion of his dominant left wrist 
and pain after prolonged activity. He sustained a hyperextension injury in 1987 for 
which he received no initial treatment. In the same year he had surgery on his left 
wrist because of a dorsal wrist ganglion. No denervation of the wrist was performed 
during that operation.
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At examination we noted limited flexion (400), extension (400) and ulnar deviation 
(200), and his grip strength was 58 kg of his right and left wrist. The lunate was 
painful when palpated.
The radiographs (Fig. 1 and 2) showed morbus Kienböck stage IIIa disease 
(avascular necrosis of the lunate) according to Lichtman6.
To evaluate the BMD pattern of his left and right wrist, a DEXA-scan was 
performed using a HOLOGIC QDR-1000 (HOLOGIC Inc. Waltham MA. USA) 
with a FM-1 forearm application protocol. In a DEXA unit, collimated X-rays are 
pulsed at 70 and 140 keV through a calibration disc, then through the patient and 
finally measured by a detector above the subject. The calibration disc is composed 
of bone and soft-tissue-equivalent material and provides pixel-by-pixel calibration 
data and continuous standardization. The BMD is calculated based on the patient's 
attenuation of the beam compared with that of the reference standard9. The DEXA- 
scan involves a two-dimensional picture of the BMD pattern of a patient's wrist.
The data were processed by the National Institutes of Health Image program 
(Bethesda, MD). Figures 3 and 4 show our results. We used a 10-color scale to 
describe the changes in bone-density in both wrists. Blue represents the lowest 
density and black represents the highest density. Blue-green, light blue, yellow, light 
and dark orange, red and red-gray represent the densities in between.
Figure 3 shows a normal BMD pattern in which the lunate fossa, the scaphoid fossa 
and the distal ulna play a part in the force transmission through the wrist. Figure 4, 
however, shows an abnormal BMD pattern in which the scaphoid fossa of the radius 
is the predominant side of force transmission compared with the normal right wrist. 
The lunate fossa shows a decreased BMD pattern compared with the normal right 
wrist, indicating a decreased amount of force transmitted through this particular joint
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DISCUSSION
Bone can adapt to force acting on its surface, giving rise to a certain BMD and 
thickness (Wolff’s law10). The BMD of the subchondral bone depends on force 
transmission through a joint.
Various methods are used by many authors to evaluate force transmission through 
the carpal joint3, 4 7. The results of these studies showed a force transmission pattern 
in which the radioscaphoid joint is considered the predominant site, although the 
radiolunate joint and the triangular fibrocartilage complex (TFCC) play a part as 
well. These studies only describe the momentary force applied on the distal radius 
and ulna.
Bade1, Koebke5 and Müller-Gerbl8 described the long-term effects of force applied 
to the articular surface of the wrist. Their results confirm the findings of the studies 
noted before.
Garcia-Elias2 explained how late degenerative osteoarthritic changes occur as a 
result of abnormal distribution of forces within the wrist induced by substantial 
changes in the intracarpal kinematics.
BMD (measured in grams/cm2) is an important parameter to evaluate the long-term 
effects of force transmission through the carpal joint. Using a DEXA-scan we 
measure the BMD patterns, which seem to reflect the effect of force applied to the 
bone of the distal radius. We evaluated this parameter in both our patient's hands 
using a DEXA-scan. We noticed a shift of BMD from the lunate fossa to the 
scaphoid fossa of the distal radius.
The DEXA-scan measurements are semi quantitative and can detect changes in the 
BMD of an injured wrist compared with the normal wrist of a patient.
Müller-Gerbl8 made semi-quantitative measurements of BMD of the subchondral 
bone of the distal radius, using Computer Tomography Absorptiometry. BMD 
changes can be obtained by both methods. With a DEXA-scan the X-ray exposure is 
very low compared to a CT-scan, and the results of the BMD measurements seem 
comparable. No data are available in the literature on BMD measurements of the 
subchondral bone of the distal radius and ulna using a DEXA-scan.
3 0
We showed the long-term BMD changes in the wrist of our patient with a morbus 
Kienböck stage IIIa disease. Our result obtained by the DEXA-scan seems to be in 
accordance with the results of other force transmission studies. BMD will change 
under the influence of force applied to the bone. We believe the BMD measurements 
by DEXA-scan are valuable for predicting long-term force transmission patterns in 
normal and injured wrists, although further research must be done.
FIGURE 1
PA X-ray of the left wrist. Morbus Kienböck stage IIIa 
(avascular necrosis of the lunate) according to Lichtman.
3 1
L E 'N [N
FIGURE 2
Lateral X-ray of the left wrist. Palmar subluxed scaphoid.
FIGURE 3
A DEXA-scan of the normal right wrist showing a center of high 
BMD in both the lunate and scaphoid fossa of the distal radius.
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FIGURE 4
A DEXA-scan of the injured left wrist showing a shift of BMD 
towards the scaphoid fossa of the distal radius. BMD differences 
are represented by ten colors. Blue represents the lowest BMD while 
black represents the highest BMD.
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BONE MINERAL DENSITY PATTERNS REPRESENTING THE LOADING HISTORY OF THE WRIST JOINT
ABSTRACT
In order to investigate the feasibility of a dual-energy-X-ray-absorptiometry 
(DEXA)-scan in predicting the long-term force transmission through the wrist a 
study on 18 cadaver wrists was conducted. The results of the X-rays and the 
DEXA-scans were compared to establish a bone mineral density (BMD) pattern 
in normal and pathologically altered wrists. According to our results a DEXA- 
scan is able to establish a BMD pattern which resembles the force transmission 
patterns presented in the literature.
INTRODUCTION
There is enough evidence to show that increased excessive force acting upon the 
joint surfaces will give rise to osteoarthritic changes. Assessment of long-term 
force transmission through the wrist joint is therefor an important parameter in 
the prediction of the development of osteoarthritis in this joint7, 29 In the wrist 
joint data on BMD of the distal radius and distal ulna reflect the long-term effect 
of force transmission through the radiocarpal and ulnocarpal joints. In order to 
measure BMD, eighteen fresh frozen cadaver fore arms were studied with a 
DEXA-scan.
MATERIAL AND METHODS
An X-Ray in a PA and lateral direction, according to the Gilula protocol31 (55 
respectively 50 kV) were taken of 18 fresh frozen cadaver fore arms. 
Radiographic abnormalities were identified (Table 1).
A DEXA-scan, using a HOLOGIC QDR-4500 (HOLOGIC Inc. Waltham MA. 
USA) with a FM-1 Forearm Application Protocol was used to establish BMD. 
The arm was positioned in the same way as required for strict PA X-ray.
In a DEXA unit, collimated X-rays are pulsed at 70 and 140 kV through a 
calibration disc, then through the specimen and are finally measured by a 
detector placed above the specimen. The calibration disc is composed of the
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equivalent of bone and soft-tissue material, and provides pixel-by-pixel 
calibration data and continuous standardization. The BMD is calculated on the 
basis of the subject's beam attenuation in comparison with that of the reference 
standard23. The data obtained were processed by the computer-program NIH- 
Image designed by the National Institute of Health, U.S.A.. In the DEXA-scan 
picture a linear color scale represents the BMD. White represents a BMD of 
0g/cm2, while black represents the highest BMD measured in that particular 
wrist. In this way a two dimensional picture is created of BMD patterns in these 
cadaver wrists. Because the X-ray exposure of a DEXA-scan compared to 
(micro) CT bone absorptiometry is very low we prefer to use the DEXA-scan 
instead of the CT-scan.
RESULTS
Wrists 17 and 18 are of one woman who sustained a Colles’ fracture of both 
wrists. There is no history of bone disease. Wrists 10 and 11 belong to a man 
having no bone abnormalities. In order to demonstrate the ability of a DEXA- 
scan to measure BMD patterns, these wrists are compared in terms of differences 
in BMD patterns The PA and lateral X-rays of wrist 17 and 18 are seen in Figs. 1 
ot 4 (See table 1 for the X-ray diagnosis). Wrist 10 and 11 showed no X-rays 
abnormalities. When the DEXA-scans of these two pairs of wrists are compared 
a normal distribution of BMD in the lunate fossa, the scaphoid fossa and the 
distal ulna is seen in wrist 10 and 11 (Figs. 5 and 6), while the DEXA-scans of 
wrists 17 and 18 (Figs. 7 and 8) show a marked increase in BMD in the scaphoid 
fossa, and a decrease in BMD of the distal ulna, obviously due to an abnormal 
position of the distal radius resulting from the sustained Colles fracture. In the 
DEXA-scan pictures a linear color scale represents the BMD.
Because of the SL-dissociation in wrist 17 an increase in BMD of the capitate- 
scaphoid and capitate-lunate joint is seen, combined with an increase in the BMD 
of the scaphoid itself.
The wrists of which the X-rays revealed no pathology in the proximal carpal row 
or distal radius showed a specific BMD pattern.
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DISCUSSION
The wrist is the most complex joint in the body16. It provides the final 
positioning for the hand at the end of a multilinked cantilevered effector 
mechanism enabling humans to perform very sophisticated movements. With 
these movements of the hand forces are generated which act upon the kinematic 
chain and are transmitted from the hand through the carpal joint to the forearm. 
Linscheid13 divided these forces into an intrinsic and extrinsic component. The 
intrinsic forces are supplied by the musculotendinous units crossing the wrist 
which continuously act upon the joint surface. The extrinsic forces become 
important when they exceed the constraint forces of the carpal ligaments or the 
strength of the bone. The loading history is the summation of these forces over a 
long period of time.
Kummer12, Maquet14 and Pauwels18 described the possibility of joints to adapt to 
forces acting upon its surfaces for longer periods. In a normal joint the resultant 
of these forces always acts perpendicular to the joint surface giving rise to a 
certain BMD of the subchondral bone10. Force transmission through the carpal 
joint has been a subject of research for many authors. An1, Blevens2, Coe3, Hara5, 
Horii6, Kazuki8, Kern9, Masear15, Short19, Trumble20-22, Viegas24-28 and Werner30 
used methods to evaluate the acute effects of force transmission through the 
carpal joint. The results of their research showed a force distribution pattern in 
which the radioscaphoid joint is considered the predominant site of force 
transmission from the carpus to the forearm although the radiolunate joint, the 
TFCC and the distal ulna play a part as well.
Viegas24-28 described the contact area's, contact pressures and areas of maximal 
pressure; "the centroids", in cadaver wrists in a variety of normal, simulated 
traumatic and surgical conditions. He concluded that the scaphoid and lunate 
bones had separate, distinct areas of contact on the distal radius and the triangular 
fibrocartilage complex surface. The contact areas were found to be localised and 
accounted for a relatively small fraction of the joint surface, regardless of wrist 
position. The scaphoid contact area was 1, 74 times that of the lunate in normal 
wrists.
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In cases of radial carpal instability there is a decrease in load in the lunate fossa 
and an increased load in the scaphoid fossa although the contact areas remain 
small24. These areas of increased load correspond nicely with areas in which 
degenerative changes develop which are described by Watson29 and Jeffries7. 
Garcia-Elias4 explained how late degenerative osteoarthritic changes occur as a 
result of abnormal distribution of forces within the wrist combined with 
substantial changes in the intracarpal kinematics.
In order to evaluate the long-term effects of force transmission through the carpal 
joint the data concerning BMD of the distal radius and distal ulna can help to 
estimate the result of these forces. Studies of Koebke10, 11 and Müller-Gerbl17 
concerning the long-term effects of force transmission confirm the findings of 
the above mentioned authors that the radioscaphoid joint is the predominant site 
of force transmission within the normal wrist joint although the radiolunate joint, 
the TFCC and the distal ulna play a part as well. Pathological alterations of the 
proximal row however will change the intracarpal kinematics and give rise to an 
abnormal force distribution pattern in the wrist. As a result of this, osteoarthritic 
changes will occur and give rise to pain and dysfunction of the wrist. Early 
recognition of BMD alterations in the distal radius and distal ulna in patients 
with wrist pathology of the proximal row will enable the physician to anticipate 
on the possible occurrence of osteoarthritic changes in the patient’s wrist and act 
upon these findings.
BMD patterns are important to evaluate the loading history of the carpal joint 
and that the DEXA-scan is an easy to perform, safe and well tolerated way to 
obtain information regarding these patterns.
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TABLE 1. Examination of the X-rays of the cadaver wrists.
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Nr. Age Sex Left/Right X-ray
1* 82 F R Exostosis on the radial side o f the scaphoid.
2* 82 F L Sclerosis o f the STT-joint.
3* 83 M R No abnormalities seen.
4* 83 M L No abnormalities seen.
5* 75 F R CMC 1 and STT osteoarthritis.
6* 75 F L Scaphoid fracture with humpback deformity. 
SL-dissociation. CMC 1 and STT osteoarthritis.
7* 93 F R Volarflexed scaphoid.
8* 93 F L Scaphoid cyst. Sclerosis o f the scaphoid and lunate.
9 94 M L Sclerosis o f the scaphoid fossa and lunate fossa 
of the radius. CMC 1 osteoarthritis.
10* 85 M L No abnormalities seen.
11* 85 M R No abnormalities seen.
12 91 F R Sclerosis o f the scaphoid fossa o f the radius.
13* 90 M L Sclerosis o f the scaphoid fossa o f the radius.
14* 90 M R Sclerosis o f the scaphoid fossa and lunate fossa 
o f the radius.
15 94 M R Arthritis o f the DRU joint. Sclerosis o f the scaphoid 
fossa o f the radius. CMC 1 osteoarthritis.
16 91 M R Excision of the ulnar styloid process.
17* 79 F R Colles fracture. SL-dissociation. Osteoarthritis in 
the scaphoid fossa of the radius.
18* 79 F L Colles fracture. Decreased radial tilt and dorsal 
Angulation of the distal radius.
*: the wrists are of one individual.
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FIGURE 1
PA view of wrist 17. Situation after a Colles’ fracture. SL- 
dissociation. Osteoarthritis in the scaphoid fossa of the radius.
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FIGURE 2
Lateral view of wrist 17. DRU-joint luxation. DISI-deformity. 
Palmar subluxed scaphoid.
FIGURE 3
PA view of wrist 18. Situation after a Colles’ fracture. 
Decreased radial tilt of the distal radius.
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FIGURE 4
Lateral view of wrist 18. Increased dorsal 
Angulation of the distal radius.
FIGURE 5
DEXA-scan of wrist 10. Normal distribution of BMD in 
the scaphoid fossa, the lunate fossa and the distal ulna.
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FIGURE 6
DEXA-scan of wrist 11. The same pattern is seen as in Fig. 5, 
Representing a normal BMD pattern.
FIGURE 7
DEXA-scan of wrist 17. An increase in BMD in the scaphoid fossa, 
in the capitate-scaphoid joint and in the scaphoid itself is seen.
A decrease in BMD is seen in the distal ulna.
4 6
CHAPTER 3
FIGURE 8
DEXA-scan of wrist 18. Increase in BMD in the scaphoid fossa 
is seen. A decrease in BMD is seen in the distal ulna.
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ABSTRACT
Ten cadaver wrists were examined with CT-Absorptiometry (CT-A) to establish 
the feasibility of a non-invasive method for measuring long-term force 
transmission patterns. In normal wrists the distal radius contains two centroids of 
bone mineral density (BMD) in the lunate and scaphoid fossae. Pathologically 
altered wrists showed a shift in BMD towards the scaphoid fossa, with the 
subchondral bone in the lunate fossa and distal ulna becoming less dense.
BMD patterns in the wrist reflect the long-term force transmission. As BMD 
alters according to loading conditions, this method can be used to determine 
force transmission patterns before and after wrist surgery.
INTRODUCTION
The BMD of the distal radius and distal ulna reflect the long-term effects of force 
transmission through the radiocarpal and ulnocarpal joints4. As excessive force 
transmission through a joint surface may result in osteoarthritic changes, 
assessment of long-term force transmission through the wrist joint by measuring 
BMD may predict the development of osteoarthritis in this joint5,11.
MATERIAL AND METHODS
Postero-anterior and lateral wrist radiographs, obtained according to the Gilula 
protocol12 (55 respectively 50 kV) were taken in ten fresh frozen cadaver fore 
arms. Radiographic abnormalities were identified on these (Table 1).
The BMD of each distal radius, distal ulna and proximal carpal row was then 
established with CT-Absorptiometry (Philips Medical Systems, Eindhoven, The 
Netherlands). For this, the arm was positioned in the same way as for the 
postero-anterior X-ray. Calibration was performed prior to every CT scan.
In order to quantify our results, containers with the aqueous solutions of 
dipotassium phosphate ( K2HPO4), a soluble equivalent to hydroxyapatite were 
placed next to the wrist with concentrations of 50-400 mg K2HPO4 per ml1.
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A semiautomatic segmentation of the data obtained from the CT scans was 
performed, using the Analyze® image processing software10. Quantification, 
rendering, three-dimensional reconstruction and analysis of BMD were 
performed using a volume-rendering program VROOM® (Volume Rendering by 
Object-Oriented Methods)13. In this, the average BMD in the first ten millimeters 
of bone directly under the joint surface is color coded, so that changes in cortical 
BMD at the surface can be compared. The K2HPO4 concentrations corresponding 
with BMD are seen in the figures. Grey (< 50 mg/ml K2HPO4) represents the 
lowest BMD, while red (400 mg/ml K2HPO4) represents the highest BMD. 
Three-dimensional pictures of the distal radius and ulna as well as of the 
proximal carpal row were created with the BMD patterns projected on their 
surface.
RESULTS
In the normal cadaver wrists (wrist 3, 4 and 10) the CT-Absorptiometry scans 
showed a normal distribution of BMD in the lunate and scaphoid fossae and the 
distal ulna. Two centroids, (Viegas and Patterson 1994) were identified in the 
scaphoid and lunate fossae and a homogenous distribution of bone was seen in 
the distal radius and ulna. A corresponding pattern of BMD was seen in the 
scaphoid, lunate and triquetrum. Examples of these findings are shown for wrist 
10 in figures 1 and 2.
The BMD was quantified by combining the Houndsfield units of bone and the 
K2HPO4 containers. Wrists which displayed pathological changes in the distal 
radius, scaphoid or scapholunate joint on the X-rays (wrist 6, 7, 8, and 9) had a 
BMD distribution pattern in which the density of the scaphoid fossa was 
increased while the BMD of the lunate fossa and distal ulna was decreased. The 
shift in BMD was towards the dorsal rim of the radius and the styloid process.
For example figures 3 and 4 (wrist 9) is the right wrist of a woman who sustained 
a Colles' fracture. There was no history of concomitant bone disease, but 
radiographs showed a “SLAC” pattern of osteoarthritis (Fig. 3). The CT- A scan 
of its distal radius and ulna (Fig. 5) showed a marked increase in BMD in the
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scaphoid fossa, especially at the dorsal rim and at the radial styloid. The CT- A 
scan of its proximal carpal row (Fig. 6) showed a similar pattern. These patterns 
correspond nicely with the “SLAC” wear patterns of the articular cartilage in the 
wrist joint described by Jeffries5 and Watson11.
DISCUSSION
With movements of the hand forces are generated and transmitted across the 
wrist. Linscheid8 divided these forces into intrinsic and extrinsic components. 
The intrinsic forces are generated by the musculotendinous units crossing the 
wrist, which act continuously upon the joint surface. The extrinsic forces become 
important when they exceed the constraint forces of the carpal ligaments or the 
strength of the bone. The loading history is the summation of these forces over a 
long period of time. Garcia-Elias2 showed a relationship between late 
degenerative osteoarthritic changes and the abnormal distribution of forces found 
within the wrists with abnormal carpal kinematics.
Many authors have researched force transmission through the carpal joint, 
utilizing pressure sensitive film, pressure sensitive conductive rubber, strain 
gauges or load cells. The results of their research showed a force distribution 
pattern in which the radioscaphoid joint is considered the predominant site of 
force transmission from the carpus to the fore arm with the radiolunate joint, the 
triangular fibrocartilaginous complex and the distal ulna playing lesser roles. 
Kummer7 described the possibility of joints adapting to forces acting upon their 
surfaces over long periods of time. In a normal joint these forces always have an 
effect perpendicular to the joint surface and determine the BMD of the 
subchondral bone6. Data concerning BMD of the distal radius and distal ulna 
may be used to predict the long-term results of force transmission through the 
carpal joint. Koebke6, Müller-Gerbl9 and Giunta3, 4 have investigated this and 
confirmed the findings of pressure sensitive device studies. Although the results 
of experiments with pressure sensitive devices introduced into the radiocarpal 
joint and BMD measurements are similar, there are three major advantages to 
BMD measurements. The first is that this method can be used in vivo. The
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second is that it is possible to evaluate force transmission patterns over time, and 
thus allows the measurement of force transmission before and after wrist surgery. 
Thirdly the anatomy of the wrist joint is not compromised by the introduction of 
devices into the radiocarpal joint which could disturb the normal biomechanics 
of this joint.
Our method provides three-dimensional reconstructions of the joint surfaces of 
the distal radius and ulna, as well as the proximal carpal row. In addition the 
colorcoded surface plots out the bone mineral density, in mg/ml K2HPO4, at 
every site. This gives us the opportunity to compare the results of wrists of 
different individuals and assess the wrist of one individual before and after 
surgery.
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TABLE 1. Examination of the X-rays.
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Nr. Age Sex Left/Right X-ray
1* 82 F R Exostosis on the radial side o f the scaphoid.
2* 82 F L Sclerosis o f the STT-joint.
3* 83 M R No abnormalities seen.
4* 83 M L No abnormalities seen.
5* 75 F R CMC 1 and STT osteoarthritis.
6* 75 F L Scaphoid fracture with humpback deformity. 
SL-dissociation. CMC 1 and STT osteoarthritis.
7* 93 F R Volarflexed scaphoid.
8* 93 F L Scaphoid cyst. Sclerosis o f the scaphoid and lunate.
9 79 F R Colles fracture. SL-dissociation. Osteoarthritis in 
the scaphoid fossa o f the radius.
10 85 M R No abnormalities seen.
*: the wrists are of one individual.
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FIGURE 1
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The articular surfaces of the distal radius and ulna of wrist 10 have 
a homogeneous distribution of BMD in the lunate and scaphoid 
fossa and distal ulna. The color scale ranges from grey (relative 
BMD less then 50 milligrams K2HPO4/ml.) to red (relative 
BMD of 400 milligrams K2HPO4/ml.).
FIGURE 2
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The articular surfaces of scaphoid, lunate and triquetrum of wrist 
ten show a similar homogeneous distribution of BMD.
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FIGURE 3
Postero-anterior X-ray of the right wrist of a woman who sustained a Colles’ 
fracture (wrist nine). A SL-dissociation and osteoarthritis in the scaphoid fossa of 
the radius is seen. Decreased radial inclination and palmar tilt is also seen. 
Sclerosis at the scaphocapitate joint indicates a SLAC-wrist pattern.
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FIGURE 4
Lateral X-ray of the right wrist (wrist nine) shows a DRUJ subluxation, 
a DISI deformity and decreased radial inclination of the distal radius.
FIGURE 5
The articular surfaces of the distal radius and ulna of wrist nine, 
showing a marked increase in BMD in the scaphoid 
fossa, especially at the dorsal rim and at the radial styloid process. 
Decreases in the BMD of the lunate fossa and the 
distal ulna are also seen.
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FIGURE 6
The articular surfaces of scaphoid, lunate and triquetrum show 
a marked increase in BMD in the proximal pole 
of the scaphoid and a decrease in the BMD of 
the lunate. Due to the SLAC wrist pattern an increase in bone 
mineral density is seen at the distal rim of the lunate.
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ABSTRACT
In vivo measurements of force transmission patterns in the wrist are of 
importance for evaluating the biomechanical behavior of this joint over time 
under physiological, pathological and post-surgery conditions.
In order to establish the feasibility of a non-invasive method for measuring these 
patterns in vivo a Computer Tomography Absorptiometry scan (CT-A) of 
cadaver and patient’s wrists was conducted.
By measuring the bone mineral density (BMD) patterns of the distal radius, distal 
ulna and the proximal carpal row, with CT-A, effects of long-term force 
transmission are established. By comparing the Houndsfield units of bone with 
containers with K2HPO4 the BMD is quantified.
Wrists without pathology show a BMD pattern in which the scaphoid fossa and 
lunate fossa of the distal radius contain a center of force transmission in the 
middle of it and in which an equally distributed BMD throughout the joint 
surface is seen. The distal ulna and the proximal carpal row show a 
corresponding pattern. Wrists with pathology of the proximal carpal row or distal 
radius show a shift of BMD towards the dorsal edge and the styloid process of 
the scaphoid fossa, indicating a shift in force transmission towards that area. The 
lunate fossa becomes less dense as well as the distal ulna. On the surface of the 
scaphoid and the lunate a similar pattern is seen. After a proximal row 
carpectomy (PRC) the BMD of the scaphoid fossa decreases and a BMD center 
is formed in the center of the lunate fossa.
Due to the fact that BMD differs under different loading conditions these patterns 
represent long-term force transmission through the wrist joint. BMD studies of 
the wrist joint in vivo can evaluate the long-term force transmission through that 
joint under physiological and pathological conditions and before and after wrist 
surgery. After a PRC the scaphoid fossa is unloaded while a center of force 
transmission in the lunate fossa appears, demonstrating that the force 
transmission is concentrated in its center.
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INTRODUCTION
There is enough evidence that excessive forces acting upon joint surfaces will 
give rise to osteoarthritic changes12, 36 Assessment of long-term force 
transmission through the wrist joint is therefore an important parameter in the 
prediction of the development of osteoarthritis in this joint12, 36 In the wrist joint 
data on bone mineral density (BMD) of the distal radius and distal ulna reflect 
the long-term effects of force transmission through the radiocarpal and 
ulnocarpal joints. In order to measure BMD, eight fresh frozen cadaver fore arms 
and ten wrists of five patients with unilateral proximal row pathology were 
examined with Computer Tomography Absorptiometry (CT-A).
MATERIAL AND METHODS
X-Rays in a postero-anterior and lateral direction, according to the Gilula 
protocol38 (fifty-five respectively fifty kV) were made of all forearms. 
Radiographic abnormalities were identified in the cadaver and patient’s wrists 
(Table 1 and Table 2).
With Computer Tomography Absorptiometry (CT-A)9 (SR 8000, Philips 
Medical Systems, Best, The Netherlands) BMD was established. The arm was 
positioned in the same way as is required for strict postero-anterior X-ray, 
according to the Gilula protocol38. Calibration was performed prior to every CT- 
scan. In order to quantify the results containers with the aqueous solutions of 
dipotassium phosphate ( K2HPO4), a soluble equivalent to hydroxyapatite, were 
placed next to the wrist with concentrations of 100-600 mg K2HPO4 per ml2. The 
K2HPO4  concentrations corresponding with BMD are seen in the figures (Figs.1 
and 2)
From the data obtained from the CT-A scans a semiautomatic segmentation was 
performed using the Analyze® image processing software26. Quantification, 
rendering, three-dimensional reconstruction and analysis of BMD were 
performed using a volume-rendering program VROOM®(Volume Rendering by 
Object-Oriented Methods)39. In this program, the average BMD of the first ten
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millimeters in the direction perpendicular to the bone surface can be color coded, 
so that changes in cortical BMD at the surface can be compared effectively. Grey 
represents the lowest BMD while red represents the highest BMD.
RESULTS
Cadaver wrist number one and the left wrist of the second patient showed no 
bone abnormalities on the X-ray (Table 1 and 2).
The wrists of which the X-rays revealed no pathology in the proximal carpal row 
or distal radius showed a normal BMD distribution pattern in which a density 
maximum is seen in the scaphoid fossa and lunate fossa of the distal radius, 
corresponding to the centroids described by Viegas31,34,35 (Figs. 1 and 2). A 
corresponding pattern of BMD is seen in the scaphoid, lunate and triquetrum of 
those wrists (Figs. 3 and 4).
In order to demonstrate the ability of CT-A to measure BMD patterns, the normal 
and pathological wrists were compared in terms of differences in those patterns. 
Cadaver wrist eight belongs to a female who sustained a Colles’ fracture. There 
is no history of a concomitant bone disease (Tablel). The postero-anterior and 
lateral X-rays of that wrist are seen in figure five and six.
All the pathologically altered wrists of the patients had the evidence of proximal 
row pathology (Table 2). The postero-anterior and lateral X-rays of the right 
wrist of patient two showed a scapho-lunate (SL) dissociation and a dorsal 
intercalated segment instability (DISI). Sclerosis at the radial styloid process was 
seen as well (Figs. 7 and 8).
The CT-A scan of wrist eight shows a marked increase in BMD in the scaphoid 
fossa, especially at the dorsal rim and at the site of the radial styloid due to a 
decrease in radial inclination and volar tilt of the distal radius resulting from the 
sustained Colles’ fracture. A decrease in BMD of the lunate fossa and distal ulna 
is seen as well (Fig. 9). The malposition of the scaphoid and lunate related to the 
distal radius in this wrist goes along with an increase in BMD of the proximal 
pole of the scaphoid and of the dorsal site of the lunate (Fig. 10).
68
CHAPTER 5
The CT-A scans of the right wrist of the second patient, taken preoperatively, 
show a marked increase in BMD in the scaphoid fossa, especially at the dorsal 
rim and at the site of the radial styloid due to a SL-dissociation and “DISI” 
pattern. An increase in BMD of the lunate fossa, especially the dorsal rim and the 
styloid process of the distal ulna is seen as well (Fig 11). The malposition of the 
scaphoid and lunate in this wrist goes along with an increase in BMD of the 
proximal pole of the scaphoid and a minor increase in BMD of the dorsal site of 
the lunate (Fig. 12).
A PRC was performed on all five patients. No styloidectomy was performed in 
order to preserve the insertion of the radioscaphocapitate-ligament (RSC).
During the operation the position of the capitate relatively to the lunate fossa was 
assessed. All of the capitates articulated in the center of the lunate fossa. None of 
the capitates could ride on the ulnar rim of the lunate fossa. All patients were 
then protected in a below-elbow cast for four weeks. Final radiographic 
assessment revealed maintained carpal alignment without subluxation.
The CT-A scans of the right wrist of the second patient, taken 12 months 
postoperatively, show a marked decrease in BMD in the scaphoid fossa, due to 
the unloading of the scaphoid fossa by the PRC. An increase in BMD of the 
center of the lunate fossa is seen matching the centroid described by Viegas31, 34, 
35 where the capitate articulates with the lunate fossa (Fig. 13). A small center of 
force transmission is seen at the base of the capitate (Fig. 14). All wrists in which 
a PRC was performed show a similar pattern.
DISCUSSION
The wrist is the most complex joint in the body21. It provides the final 
positioning for the hand at the end of a multilinked cantilevered effector 
mechanism, which enables humans to perform very sophisticated movements. 
With these movements of the hand, forces are generated which act upon the 
elements of a kinematic chain and are transmitted from the hand, through the 
radiocarpal and ulnocarpal joint to the forearm. Linscheid18 divided these forces 
into an intrinsic and an extrinsic component. The intrinsic forces are supplied by
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the musculotendinous units crossing the wrist, which act continuously upon the 
joint surfaces. The extrinsic forces become of importance when they exceed the 
constraint forces of the carpal ligaments or the strength of the bone. The loading 
history is the summation of these forces over a long period of time. Garcia-Elias5 
explained how late degenerative osteoarthritic changes occur as a result of 
abnormal distribution of forces within the wrist combined with substantial 
changes in the intercarpal kinematics.
Many authors have researched force transmission through the cadaver carpal 
joint. An1, Blevens3, Coe4, Hara8, Horii10, Kazuki13, Kern14, Masear20, Short27,
28 30 31 35 37Trumble " , Viegas " and Werner found ways to evaluate the acute effects 
of force transmission through the carpal joint by introducing pressure sensitive 
film, pressure sensitive conductive rubber, strain gauges or load cells. The results 
of their research showed a force distribution pattern in which the radioscaphoid 
joint is considered the predominant site of force transmission from the carpus to 
the forearm although the radiolunate joint, the TFCC and the distal ulna also play 
a role.
Kummer17, Maquet19 and Pauwels25 described the possibility of joints to adapt to 
forces acting upon their surfaces for long periods of time. In a normal joint the 
effect of these forces always takes effect perpendicularly to the joint surface, 
giving rise to a certain BMD of the subchondral bone15. Data concerning BMD 
of the distal radius and distal ulna demonstrate the long-term results of force 
transmission through the carpal joint. Studies by Koebke15, 16, Müller-Gerbl22, 23 
and Giunta6, 7 concerning the long-term effects of force transmission confirm the 
findings of these studies.
The results of the CT-A of cadaver wrists show a normal versus an abnormal 
BMD pattern in the radiocarpal and ulnocarpal joint due to the long-term force 
transmission through this joint. The BMD patterns of cadaver wrist are less dens 
compared to the patient’s wrists, which is probably due to the osteoporosis in the 
cadaver wrists. The BMD patterns itself however remains the same.
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In the preoperative and postoperative evaluation of the CT-A scans of the 
patients with proximal row pathology and a PRC operation some observations 
can be made.
To begin with BMD patterns in the preoperative situation show an increase in the 
areas were osteoarthritis usually occurs12, 36 Secondly, the described motion 
pattern from the capitate relative to the lunate fossa is a translation-rotation 
movement (hinge plus role) that is due to the difference in curvature of the lunate 
fossa and capitate11. The resultant BMD maximum in the center of the lunate 
fossa suggests a force transmission pattern in which the center of the lunate fossa 
is the predominant site. Although the relative increase in length of the RSC- 
ligament due to a less oblique course of this ligament after a PRC no ulnar 
translocation of the capitate relative to the lunate fossa occurs. Thirdly, the BMD 
of the scaphoid fossa decreased due to the unloading effect of this fossa after a 
PRC.
CONCLUSION
Early recognition of BMD alterations in the distal radius, distal ulna and the 
proximal carpal row of the wrist joint in patients with wrist pathology will enable 
the physician to anticipate the possible occurrence of osteoarthritic changes and 
act accordingly. The BMD patterns of pathologic and normal wrists, which have 
been generated from CT-A scanning, are in accordance with the results in the 
literature concerning force transmission patterns in cadaver wrists1, 3 4 8 10, 13, 14,
20, 27-37 and in patient’s wrist6, 7 15, 16, 22-24 Regarding the CT-A scan in evaluating 
the long-term effects of force transmission through normal, pathologically altered 
wrists and in wrists in which a PRC was performed four conclusions can be 
drawn.
At first BMD patterns of the proximal row and distal radius and ulna represent 
the loading history of a normal, pathologically altered and surgically treated wrist 
joint. Secondly the sites of increased BMD correspond with areas where 
osteoarthritis develops12, 36 This is in accordance with the literature1, 3 4 8 10, 13, 14,
20, 27-37 and in patient’s wrist6, 7 15, 16, 22-24 and the data of our cadaver study9.
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Thirdly by performing a PRC without disturbing the RSC-ligament the proximal 
head of the capitate articulates with the lunate fossa in its center. Fourthly in 
patients with marked osteoarthritis in the scaphoid fossa with an intact cartilage 
of the proximal head of the capitate and an intact RSC-ligament, a PRC provides, 
a motion preserving solution with physiological loading conditions of the wrist 
joint.
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TABLE 1. Examination of the X-rays of the cadaver wrists.
Nr. Age Sex Left/Right X-ray
1 85 M L No abnormalities seen.
2 94 M L Sclerosis o f the scaphoid fossa and lunate fossa 
o f the radius. CMC 1 osteoarthritis.
3 91 F R Sclerosis o f the scaphoid fossa o f the radius.
4 90 M L Sclerosis o f the scaphoid fossa o f the radius.
5 90 M R Sclerosis o f the scaphoid fossa and lunate 
fossa o f the radius.
6 94 M R Arthritis o f the DRU joint. Sclerosis o f the 
scaphoid fossa o f the radius. CMC 1 osteoarthritis.
7 91 M R Excision o f the ulnar styloid process.
8 79 F L Colles’ fracture. Decreased radial inclination and 
decreased volar tilt o f the distal radius.
TABLE 2. Examination of the X-rays of the patient’s wrists
Nr. Age Sex Left/Right X-Ray
1 33 M L Morbus Kienböck stage I. Two cysts in the lunate. 
Radius shortening procedure.
2 36 M R Scapho-lunate dissociation. Dorsal intercalated 
Segment instability. Sclerosis at the radial styloid process.
3 47 F R Dynamic scapho-lunate dissociation.
4 38 F L Morbus Kienböck stage III.
5 52 F R Scapho-lunate dissociation. Dorsal intercalated segment 
instability. Sclerosis at the scaphoid fossa.
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FIGURE 1
A distal view of the distal radius and ulna of cadaver wrist one showing a normal 
distribution of BMD in the lunate fossa, scaphoid fossa and distal ulna. 
Grey: BMD < 50 mgrs K2HPO4 per ml 
Green: BMD = 50 mgrs K2HPO4 per ml.
Yellow: BMD = 100 mgrs K2HPO4 per ml.
Blue: BMD = 200 mgrs K2HPO4 per ml.
Red: BMD > 400 mgrs K2HPO4 per ml.
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FIGURE 2
A distal view of the distal radius and ulna of the left wrist of the second 
patient showing a normal distribution of BMD in the lunate fossa, 
scaphoid fossa and distal ulna.
Grey: BMD < 100 mgrs K2HPO4 per ml.
Green: BMD = 100 mgrs K2HPO4 per ml.
Yellow: BMD = 300 mgrs K2HPO4 per ml.
Blue: BMD = 400 mgrs K2HPO4 per ml.
Red: BMD > 600 mgrs K2HPO4 per ml.
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FIGURE 3
A proximal view of scaphoid, lunate and triquetrum of cadaver wrist 
one showing a corresponding normal distribution of BMD.
FIGURE 4
A proximal view of scaphoid, lunate and triquetrum of the left wrist of the 
second patient showing a corresponding normal distribution of BMD.
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FIGURE 5
A postero-anterior X-ray of a left wrist after a healed Colles’ fracture. A 
decrease in radial inclination and volar tilt of the distal radius is seen.
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FIGURE 6
A lateral X-ray of the same wrist. A decreased radial 
inclination of the distal radius can be noted.
FIGURE 7
A postero-anterior X-ray of the right wrist of the second patient. A scapho­
lunate dissociation and sclerosis at the radial styloid process are seen.
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FIGURE 8
A lateral X-ray of the right wrist of the second patient. A dorsal 
intercalated segment instability (DISI) pattern can be noted.
FIGURE 9
A distal view of the distal radius and ulna of wrist eight showing a 
marked increase in BMD in the scaphoid fossa, especially at the dorsal 
rim and at the radial styloid process.A decrease in BMD of the lunate 
fossa and the distal ulna is seen as well.
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FIGURE 10
A proximal view from the articular surface of scaphoid, lunate and 
triquetrum of wrist eight is showing a marked increase in BMD in 
the proximal pole of scaphoid and a decrease in BMD of the lunate.
FIGURE 11
A preoperative distal view from the articular surface of the distal radius a 
and ulna of the right wrist of the second patient showing a marked increase in 
BMD in the scaphoid fossa, especially at the dorsal rim and at the radial styloid 
process. An increase in BMD of the lunate fossa, especially the dorsal rim and 
the styloid process of the distal ulna is seen as well.
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FIGURE 12
A proximal preoperative view from the articular surface of scaphoid, lunate and 
triquetrum of the right wrist of the second patient showing an increase in BMD in 
the proximal pole of the scaphoid and of the dorsal part of the lunate.
FIGURE 13
A distal postoperative view from the articular surface of the distal radius and 
ulna of the right wrist of the second patient showing a decrease in BMD in the 
scaphoid fossa. The BMD of the center of the lunate fossa is increased as well as 
the contact area of the head of the capitate where it articulates with the radius.
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A proximal postoperative view from the articular surface of capitate of the 
right wrist of the second patient showing a small center of force 
transmission representing the capitate/radius contact area.
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ABSTRACT
In order to evaluate force transmission patterns in vivo of patients with 
complaints of wrist instability requiring a lunate-capitate-triquetrum-hamate 
(LCTH) arthrodesis, bone mineral density (BMD) patterns of wrist were 
established using Computer Tomography-Absorptiometry (CT-A).
Due to the fact that BMD differs under different loading conditions these patterns 
represent long-term force transmission through the wrist joint. BMD studies of 
the wrist joint in vivo can evaluate the long-term force transmission through that 
joint under physiological and pathological conditions and before and after wrist 
surgery. After an LCTH-arthrodesis the scaphoid fossa is relatively unloaded and 
a decrease in BMD in the lunate fossa is noticed.
INTRODUCTION
In the wrist pathologically altered anatomy causes instability giving rise to pain 
and impaired motion of that joint. Due to this instability of the wrist joint 
excessive forces act upon its surfaces which will give rise to osteoarthritic 
changes13, 37.
Assessment of changes in the long-term force transmission through the wrist 
joint is therefore an important parameter in the prediction of the development of 
osteoarthritis in this joint13,37.
Data on bone mineral density (BMD) of the distal radius and distal ulna reflect 
the long-term effects of force transmission through the radiocarpal and 
ulnocarpal joints. Changes in BMD patterns are to be expected several months 
after alteration of the intracarpal kinematics5.
By measuring, in vivo, BMD patterns of the wrist under physiological and 
pathological conditions and before and after intracarpal arthrodesis force 
transmission pattern alterations can be assessed.
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MATERIAL AND METHODS
Five patients suffering from proximal row pathology (Table 1) due to 
respectively a fall on the outstretched hand (3 ), a motor vehicle accident (1 ) or a 
large scaphoid cyst (1) were included. All patients were seen in our outpatient 
clinic at least two years after the trauma occurred. All complained of decreased 
range of motion and gripping strength as well as pain during activities of daily 
living. There was no history of any concomitant bone disease. A LCTH- 
arthrodesis was performed on all five patients. All patients were then protected in 
a below-elbow cast for six weeks.
The BMD patterns of the normal and pathologically altered wrist were assessed 
preoperatively and postoperatively in order to compare force transmission 
changes.
X-Rays in a postero-anterior and lateral direction, according to the Gilula 
protocol40(fifty-five respectively fifty kV) were made of all fore arms. 
Radiographic abnormalities were identified in the patient’s wrists (Table 1).
With CT-A11 (SR 8000, Philips Medical Systems, Best, The Netherlands) BMD 
was established. The arm was positioned in the same way as is required for strict 
postero-anterior X-ray, according to the Gilula protocol40. The third metacarpal 
was in line with the radius. Each wrist was scanned separately. In order to 
quantify the Houndsfield units obtained by the CT-A scan, eight containers with 
an increasing concentration of K2HPO4, a soluble equivalent to hydroxy apatite, 
were scanned together with the wrists. The CT-scan settings were 0,8 mm multi­
slice scan, 125 mA, 120 kV, matrix 512x512 and filter 1H(=bone filter). 
Calibration was performed prior to every CT-scan. In order to quantify the 
results containers with the aqueous solutions of dipotassium phosphate ( 
K2HPO4), a soluble equivalent to hydroxyapatite, were placed next to the wrist 
with concentrations of 100-600 mg K2HPO4 per ml2. The K2HPO4  
concentrations corresponding with BMD are seen in the figures (Figs. 1 and 2) 
From the data obtained from the CT-A scans a semiautomatic segmentation was 
performed using the Analyze® image processing software27. Quantification, 
rendering, three-dimensional reconstruction and analysis of BMD were
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performed using a volume-rendering program VROOM®(Volume Rendering by 
Object-Oriented Methods)41.
In this program, the average BMD of the first ten millimeters in the direction 
perpendicular to the bone surface can be color coded, so that changes in cortical 
BMD at the surface can be compared effectively. Grey represents the lowest 
BMD while red represents the highest BMD.
RESULTS
All the wrists of which the X-rays revealed no pathology in the proximal carpal 
row or distal radius showed a normal BMD distribution pattern in which a 
density maximum is seen in the scaphoid fossa and lunate fossa of the distal 
radius, corresponding to the centers of force force transmission described by 
Viegas32, 35, 36 (Figs. 1). A corresponding pattern of BMD is seen in the scaphoid, 
lunate and triquetrum of those wrists (Figs. 2).
The postero-anterior and lateral X-rays of the right wrist of the first patient 
showed a scapho-lunate (SL) dissociation and a dorsal intercalated segment 
instability (DISI) pattern (Table 1). Sclerosis at the radial styloid process was 
seen as well.
The CT-A scan of the right wrist of the first patient, taken preoperatively, 
showed a marked increase in BMD in the scaphoid fossa, especially at the dorsal 
rim and at the site of the radial styloid due to a SL-dissociation and “DISI” 
pattern. An increase in BMD of the lunate fossa, especially the ulnovolar part is 
seen as well (Fig 3), when compared to the contralateral normal wrist (Fig. 1). 
The malposition of the scaphoid and lunate in this wrist goes along with an 
increase in BMD of the proximal pole of the scaphoid and a minor increase in 
BMD of the ulnovolar aspect of the lunate (Fig. 4), when compared to the 
contralateral normal wrist (Fig. 2).
Final radiographic assessment revealed maintained carpal alignment and bony 
union.
The CT-A scans of the right wrist of the first patient; taken 12 months 
postoperatively, show a marked decrease in BMD in the scaphoid fossa, due to
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the relative unloading of the scaphoid fossa by the LCTH-arthrodesis. A normal 
distribution of BMD of the lunate fossa is seen (Fig. 5). The BMD pattern in the 
postoperative situation resembles the BMD pattern in the contralateral normal 
wrist (Fig. 1) A corresponding normal BMD pattern is seen on the proximal 
surface of the lunate (Fig. 6 ), when compared to the contralateral normal wrist 
(Fig. 2). All wrists in which an LCTH-arthrodesis was performed show a similar 
pattern.
DISCUSSION
The wrist is the most complex joint in the body22. It provides the final 
positioning for the hand at the end of a multilinked cantilevered effector 
mechanism, which enables humans to perform very sophisticated movements. 
With these movements of the hand, forces are generated which act upon the 
elements of a kinematic chain and are transmitted from the hand, through the 
radiocarpal and ulnocarpal joint to the fore arm. Linscheid19 divided these forces 
into an intrinsic and an extrinsic component. The intrinsic forces are supplied by 
the musculotendinous units crossing the wrist, which act continuously upon the 
joint surfaces. The extrinsic forces become of importance when they exceed the 
constraint forces of the carpal ligaments or the strength of the bone. The loading 
history is the summation of these forces over a long period of time. Garcia-Elias6 
explained how late degenerative osteoarthritic changes occur as a result of 
substantial changes in the intercarpal kinematics which give rise to an abnormal 
distribution of forces within the wrist causes damage to the cartilage.
Many authors have researched force transmission through the cadaver carpal 
joint. An1, Blevens3, Coe4, Hara10, Horii12, Kazuki14, Kern15, Masear21, Short28,
29, 31 32-36 38, 39Trumble , , Viegas " and Werner , found ways to evaluate the acute 
effects of force transmission through the carpal joint by introducing pressure 
sensitive film, pressure sensitive conductive rubber, strain gauges or load cells. 
The results of their research showed a force distribution pattern in which the 
radioscaphoid joint is considered the predominant site of force transmission from
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the carpus to the forearm although the radiolunate joint, the TFCC and the distal
ulna also play a role.
18 20 26 Kummer , Maquet and Pauwels described the possibility of joints to adapt to
forces acting upon their surfaces for long periods of time. In a normal joint the
effect of these forces always takes effect perpendicularly to the joint surface,
giving rise to a certain BMD of the subchondral bone16. Data concerning BMD
of the distal radius and distal ulna demonstrate the long-term results of force
transmission through the carpal joint. Studies by Koebke16,17, Müller-Gerbl23-25
and Giunta7, 9 concerning the long-term effects of force transmission confirm the
findings of these studies. The BMD patterns of pathologic and normal wrists,
which have been generated from CT-A scanning, are in accordance with the
results in the literature concerning force transmission patterns in cadaver wrists3,
4, 10, 12, 14, 15, 21, 28-36, 38, 39 and in patient’s wrist7, 8, 16, 17, 23'25.
In the preoperative and postoperative evaluation of the CT-A scans of the
patients with proximal row pathology and LCTH-arthrodesis some observations
can be made.
Firstly BMD patterns in the preoperative situation show an increase in the areas 
were osteoarthritis usually occurs13, 37. Secondly, the BMD pattern from the 
lunate fossa in a wrist with an SL-dissociation shows an increase in the ulnovolar 
part suggesting an increase in force transmission in that area due to the 
malposition of the lunate as a result of the SL-dissociation. Thirdly, the BMD of 
the scaphoid fossa decreased due to the unloading effect of this fossa after an 
LCTH-arthrodesis. Fourthly, the BMD of the lunate fossa is restored due to 
normalization the of the position of the lunate relative to its fossa
CONCLUSION
Early recognition of BMD alterations in the distal radius, distal ulna and the 
proximal carpal row of the wrist joint in patients with wrist pathology will enable 
the physician to anticipate the possible occurrence of osteoarthritic changes and 
act accordingly. Regarding the CT-A scan in evaluating the long-term effects of
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force transmission through normal, pathologically altered wrists and in wrists in 
which a LCTH-arthrodesis was performed four conclusions can be drawn.
At first BMD patterns of the proximal row and distal radius and ulna represent 
the loading history of a normal, pathologically altered and surgically treated wrist 
joint. This is in accordance with the literature3, 4  10, 12, 14, 15, 21, 28-36, 38, 39 and the 
data of our cadaver study11. Secondly, the sites of increased BMD correspond 
with areas where osteoarthritis develops13, 37. Thirdly, by performing a LCTH- 
arthrodesis in patients with a SL-dissociation the position of the lunate relative to 
its fossa is restored which can be concluded from the normalization of the BMD 
pattern of the lunate fossa. Fourthly, in patients with marked osteoarthritis in the 
scaphoid fossa, a LCTH-arthrodesis provides a motion preserving solution with 
loading conditions of the lunate fossa of the wrist joint resembling the 
physiological loading of that fossa.
TABLE 1. Pathology present in the X-rays of the patient’s wrists.
Nr. Age Sex Left/Right X-Ray
1 26 M R Static scapho-lunate dissociation and dorsal 
intercalated segment instability pattern.
2 36 M R Dynamic scapho-lunate dissociation
3 29 M R Static scapho-lunate dissociation and dorsal 
intercalated segment instability pattern. Sclerosis 
at the radial styloid process.
4 28 F R Large cyst in the scaphoid.
5 56 F R Scapho-lunate-advanced-collaps (“SLAC) pattern.
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FIGURE 1
A distal view of the distal radius and ulna of the left wrist of the first patient 
showing a normal distribution of BMD in the lunate fossa, scaphoid fossa and 
distal ulna.Grey: BMD < 100 mgrs K2HPO4 per ml. Green: BMD = 100 mgrs 
K2HPO4 per ml. Yellow: BMD = 300 mgrs K2HPO4 per ml. Blue: BMD = 400 
mgrs K2HPO4 per ml.Red: BMD > 600 mgrs K2HPO4 per ml.
FIGURE 2
A proximal view of scaphoid, lunate and triquetrum of the left wrist of the 
first patient showing a corresponding normal distribution of BMD.
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FIGURE 3
A preoperative distal view from the articular surface of the distal radius and ulna 
of the right wrist of the second patient showing a marked increase in BMD in the 
scaphoid fossa, especially at the dorsal rim and at the radial styloid process. An 
increase in BMD of the lunate fossa, especially the ulnovolar edge is seen as 
well.
FIGURE 4
A proximal preoperative view from the articular surface of scaphoid, 
lunate and triquetrum of the right wrist of the first patient showing a 
marked increase in BMD in the proximal pole of the scaphoid and a 
minor increase in BMD of the ulnovolar part of the lunate.
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FIGURE 5
A distal postoperative view from the articular surface of the distal radius and 
ulna of the right wrist of the first patient showing a marked decrease in BMD in 
the scaphoid fossa, especially at the dorsal rim and at the radial styloid process 
due to the unloading of the scaphoid fossaafter a LCTH-arthrodesis. The BMD of 
the lunate fossa is normalized.
FIGURE 6
A proximal postoperative view from the articular surface of the lunate of the 
right wrist of the first patient showing an evenly distributed BMD in the lunate 
after a LCTH-arthrodesis.
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MORPHOLOGICAL ASPECTS OF LOAD BEARING OF THE WRIST JOINT 
IN POST-TRAUMATIC DISORDERS OF THE DISTAL RADIO-ULNAR
JOINT.
M.M. Hoogbergen, W.J. Niessen, A.H. Schuurman, 
P.H.M. Spauwen, J.M.G. Kauer.
BONE MINERAL DENSITY PATTERNS REPRESENTING THE LOADING HISTORY OF THE WRIST JOINT
ABSTRACT
In order to evaluate force transmission patterns in the wrist, in vivo, before and after 
a Sauvé-Kapandji procedure, bone mineral density (BMD) patterns were assessed 
using a Computer Tomography Absorptiometry (CT-A). Measurements of these 
patterns in the wrist are of importance for evaluating the biomechanical behavior of 
the wrist joint over time under physiological, pathological and post-surgery 
conditions.
By measuring the BMD patterns of the distal radius, distal ulna and the proximal 
carpal row, with CT-A, effects of long-term force transmission are established. By 
comparing the Houndsfield units of bone with containers with K2HPO4, the BMD is 
quantified.
Wrists without pathology show a BMD pattern in which the scaphoid fossa and 
lunate fossa of the distal radius contain a center of force transmission in the middle 
of it and in which an equally distributed BMD throughout the joint surface is seen. 
The distal ulna and the proximal carpal row show a corresponding pattern. Wrists in 
our series with clinical instability of the distal radioulnar joint (DRUJ) show a BMD 
pattern that was dictated by the concomitant pathology of the distal radius, distal 
ulna and proximal row.
After a Sauvé-Kapandji procedure no changes in BMD patterns could be seen at the 
radiocarpal joint, indication that no alteration in force transmission occurred in that 
joint what so ever.
After a Sauvé-Kapandji procedure with leveling of the ulna in patients with an ulnar 
plus variance, the BMD is decreased indicating a decrease in force transmission 
through the distal ulna.
INTRODUCTION
In the wrist, instability causes malalignment and abnormal kinematics resulting in 
pain and impaired motion. Due to this, excessive forces acting upon its surfaces will 
give rise to osteoarthritic changes5, 10, 35.
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Instability of the distal radio-ulnar joint (DRUJ) after injury to the wrist leads to 
deformity and degenerative changes. These changes cause ulnar sided wrist pain and 
limited rotation of the forearm.
A number of procedures have been described to treat instability of the DRUJ like the 
Darrach procedure and its modifications, hemi resection/interposition arthroplasty, 
matched ulnar resection and prosthetic replacement3 Recently a large study 
concerning the results of the Sauvé-Kapandji procedure was published which 
described good results with this procedure3.
In order to see if a Sauvé-Kapandji procedure will give rise to force transmission 
changes in the radiocarpal and ulnocarpal joints, preoperative and postoperative 
BMD patterns of wrists in which this procedure was performed were compared. 
BMD patterns, measured in vivo by CT-Absorptiometry describe long-term force 
transmission through the carpal joint7, 20
By measuring, in vivo, BMD patterns of the wrist under physiological and 
pathological conditions and before as well as after a Sauvé-Kapandji procedure, 
force transmission pattern alterations were assessed.
MATERIALS AND METHODS
Five patients (3 men and 2 women) with an average age of 44 years with 
symptomatic distal radio-ulnar joint instability were included in this study. Physical 
examination in combination with standard radiographs showed DRUJ pathology. All 
suffered from DRUJ instability after trauma. Preoperatively, the patients were 
examined radiographically, (Table 1). In four patients an ulnar plus variance could 
be observed on the affected site. No ulnar plus was seen on the radiographs of the 
contralateral wrist. In all patients pathology of the distal radius, distal ulna and/or 
proximal row was seen as well (Table 1).
In order to treat the arthrotic, instable DRUJ a Sauvé-Kapandji procedure with joint 
leveling was performed. Radioulnar length discrepancy was corrected. The 
radioulnar articular surfaces are decorticated and fixation is performed using an AO- 
screw. A transverse osteotomy is performed in the distal ulna to allow pronation and 
supination. The AO-screw is usually removed after 12 months.
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Standard radiographs taken six months postoperatively showed bony union in all 
cases.
BMD patterns in the normal and injured wrists were established preoperatively and 
six months postoperatively (Cowin stated that BMD changes are to be expected 
within months) by using Computer Tomography Absorptiometry (CT-A). Both 
wrists of the patient were scanned in an axial plane with the patient in prone 
position, shoulder abducted 1800, and elbow straight, the wrist in pronated position 
with the palm facing the table. Each wrist was scanned separately. In order to 
quantify the Houndsfield units obtained by the CT-A scan, eight containers with an 
increasing concentration of K2HPO4, a soluble equivalent to hydroxyapatite, were 
scanned together with the wrists. The CT-scan settings were 0,8 mm multi-slice 
scan, 125 mA, 120 kV, matrix 512x512 and filter 1H(=bone filter). Calibration was 
performed prior to every CT-scan.
A semiquantative segmentation was performed on the CT-A datasets using the 
computer program Analyze® (Mayo Clinic)24. Quantification, rendering, 3D 
reconstruction and BMD pattern measurements were done by using locally written 
software, VROOM® (Volume Rendering by Object-Oriented Methods)38. In this 
program, the average BMD of the first five millimeter in the direction perpendicular 
to the bone surface can be color coded, so that changes in cortical BMD on the 
surface can be effectively compared. Grey represents the lowest BMD while red 
represents the highest BMD.
Each injured wrist was compared to the contralateral normal wrist of the same 
patient in terms of BMD patterns in the pre- and postoperative situation.
RESULTS
Radiologic Examination.
In all of the radiographs bony union could be confirmed. Postoperative ulnar 
variance ranged from -1 mm. to +1 mm., measured on zero rotation wrist 
radiographs.
No bony fusion at the ulnar osteotomy site was observed.
CT-absorptiometry Examination.
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In the contralateral normal wrist (without any pathology on the X-rays) of the first 
patient, an example of a normal BMD distribution pattern was seen. This consists of 
a density maximum in the scaphoid fossa and lunate fossa of the distal radius and an 
equally distributed BMD throughout the joint surface. This corresponds to the in
29 33 34vitro studies of force transmission patterns described by Viegas , , (Fig. 1). A 
corresponding normal pattern of BMD is seen in the scaphoid, lunate and triquetrum 
of this wrist(Fig. 2). All the other normal wrists of the patients show a similar 
pattern.
The postero-anterior radiograph of the right wrist of the first patient showed an ulnar 
plus variance of 2 mm and a bony prominence of the scaphoid (Figs. 3). This bony 
prominence was a result of a scaphoid fracture in the past.
The CT-A scan of the right wrist of the first patient showed an overall increase in 
BMD at the distal ulna. The ulnar plus variance in this wrist goes along with an 
increase in BMD of the distal ulna. A marked increase in BMD at the dorsal site of 
the scaphoid fossa and especially at the site of the styloid process is seen as well 
(Fig 4). The increased BMD of the scaphoid fossa is most likely a result of the bony 
prominence of the scaphoid. Propably the scaphoid fracture resulted in a malposition 
of the scaphoid leading to an increase in BMD in the ulnodorsal aspect of the 
scaphoid itself (Fig. 5).
Postoperative radiographic assessment revealed maintained carpal alignment and 
bony fusion with a neutral ulnar variance.
The CT-A scans of the right wrist of the first patient, taken six months 
postoperatively showed a decrease in BMD in the scaphoid fossa and normal 
distribution of BMD of the lunate fossa indicating no alteration in force transmission 
through the radiocarpal joint (Fig. 6). A decrease in overall BMD at the site of the 
distal ulna could be observed indicating a relative unloading of the ulnocarpal joint. 
A corresponding BMD pattern is seen on the proximal surface of the proximal row 
(Fig. 7). All wrists in which a Sauvé-Kapandji procedure was performed showed no 
alteration in BMD patterns in the radiocarpal joints. Leveling of the distal ulna in an 
ulna plus variance shows a decrease in BMD of the distal ulna.
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DISCUSSION
Many authors have researched force transmission through the cadaver carpal joint. 
An1, Blevens2, Coe4, Hara8, Horii9, Kazuki11, Kern12, Masear17, Short25, Trumble26-
28 29-31, 33, 34 36, 37, Viegas - , , and Werner , found ways to evaluate the momentary effects of 
force transmission through the carpal joint, in vitro, by using pressure sensitive film, 
pressure sensitive conductive rubber, strain gauges or load cells. The results of their 
research showed a force distribution pattern in which the radioscaphoid fossa is 
considered the predominant site of force transmission from the carpal joint to the 
fore arm although the radiolunate joint, the TFCC and the distal ulna also play a 
role.
Kummer15, Maquet16 and Pauwels23 described the possibility of joints to adapt to 
forces acting upon their surfaces for long periods of time. In a normal joint the effect 
of these forces always takes effect perpendicularly to the joint surface, giving rise to 
a certain BMD of the subchondral bone13 Data concerning BMD of the distal radius 
and distal ulna demonstrate the long-term results of force transmission through the 
carpal joint. In vitro studies by Koebke13,14 and in vivo studies by Müller-Gerbl18, 19,
21 and Giunta6, 7 concerning the long-term effects of force transmission confirm the 
findings of the above mentioned studies.
Our results concerning force transmission patterns in the wrist joint are in 
accordance with the in vitro and in vivo studies performed by the above mentioned 
authors. BMD patterns of the distal radius, ulna and proximal row seem to represent 
the longterm force transmission through the wrist joint. Regarding these findings the 
preoperative and postoperative evaluation of the CT-A scans of the patients with 
DRUJ pathology and a Sauvé-Kapandji procedure could lead to the following 
observations.
To begin with the BMD patterns in the preoperative situation of our patients were 
dictated by the concomitant pathology in the distal radius, ulna and proximal row.
So no conclusion could be drawn whether DRUJ instability in itself would give rise 
to force transmission pattern changes in the radiocarpal joint as suggested by Viegas 
in his in vitro work32. Secondly BMD patterns in the preoperative situation in which 
an ulnar plus variance is present show an increase in BMD in the distal ulna
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suggesting an increase in force transmission through the distal ulna. This in 
accordance with the study of Palmer22 in which was stated that a too long ulna 
further results in an increase of load born by the ulnar side of the wrist often leading 
to synovitis and chondromalacia. Thirdly, it is to be expected that the BMD pattern 
of the distal ulna is decreased due to the leveling effect of the Sauvé-Kapandji 
procedure in an ulnar plus deformity. Fourthly, no BMD pattern alterations in the 
scaphoid fossa and lunate fossa could be observed indicating that no alterations in 
force transmission patterns in the radiocarpal joint occurred after a Sauvé-Kapandji 
procedure. Fifthly, CT-A scan evaluation is a non-invasive method for obtaining 
information regarding the longterm force transmission patterns in the wrist.
CONCLUSION
Early recognition of BMD alterations in the distal radius, distal ulna and the 
proximal carpal row of the wrist joint in patients with wrist pathology will enable 
the physician to anticipate the possible occurrence of osteoarthritic changes and act 
accordingly. The BMD patterns of pathologic and normal wrists, which have been 
generated from CT-A scanning, are in accordance with the results in the literature
1 2 4 8 9 11 12 17 2531 33 34 36concerning force transmission patterns in cadaver wrists , , , ,  , , , , ■ , ,  , ,  
37 and in patient’s wrist6, 7, 13, 14 18, 19, 21
Regarding the CT-A scan in evaluating the long-term effects of force transmission 
through normal, pathologically altered wrists and in wrists in which a Sauvé- 
Kapandji procedure was performed some conclusions can be drawn.
In normal wrists versus pathologically altered ones with an ulna plus variance the 
BMD of the distal ulna is increased in the latter one’s suggesting an increase in force 
transmitted through the distal ulna.
A Sauvé-Kapandji procedure with leveling of the radius and ulna in patients with an 
ulnar plus deformity a possible unloading effect can be observed at the level of the 
distal ulna.
No BMD pattern changes at the level of the radiocarpal joint are observed indicating 
no changes in force transmission through the radiocarpal joint.
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TABLE 1. Examination of the radiographs of the patient’s wrists.
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Nr. Age Sex Left/Right Radiographs
1 33 M R Ulnar plus variance o f 2 mm. No sclerosis at the 
DRUJ. Bony prominence at the scaphoid
2 44 M R Marked osteoarthritis at the DRUJ. Cyst in the 
lunate. Ulnar variance o f 1 mm.
3 64 F L Healed Colles’ fracture with widening of the 
DRUJ, ulnar plus variance o f 3 mm and 
osteoarthritis at the DRUJ.
4 44 F L Healed Colles’ fracture with ulnar plus variance 
of 2 mm and osteoarthritis at the DRUJ.
5 35 M R ORIF distal radius and ulna fracture. Osteo­
arthritis at the DRUJ. Normal ulnar variance
1 1 2
CHAPTER 7
FIGURE 1
A distal view of the distal radius and ulna of the left wrist 
of the first patient showing a normal distribution of BMD 
in the lunate and scaphoid fossa and distal ulna. 
Grey: BMD < 100 mgrs K2HPO4 per ml.
Green: BMD = 100 mgrs K2HPO4 per ml.
Yellow: BMD = 300 mgrs K2HPO4 per ml.
Blue: BMD = 400 mgrs K2HPO4 per ml.
Red: BMD > 600 mgrs K2HPO4 per ml.
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FIGURE 2
A proximal view of scaphoid, lunate and triquetrum of the left wrist of the 
first patient showing a corresponding normal distribution of BMD.
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FIGURE 3
A postero-anterior Radiograph of the right wrist of the first patient. An ulnar 
plus variance of 2 mm can be seen. No sclerosis at the DRUJ is present. A 
bony prominence at scaphoid can be observed
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FIGURE 4
A preoperative distal view of the articular surface of the distal radius and ulna of 
the right wrist of the first patient showing an increase in BMD in the distal ulna 
and scaphoid fossa, especially at the dorsal rim and at the radial styloid process.
FIGURE 5
A preoperative view of the articular surface of proximal row of the right wrist of the 
first patient showing an increase in BMD in the proximal pole of the scaphoid.
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FIGURE 6
A distal postoperative view of the articular surface of the distal radius and 
ulna of the right wrist of the first patient. A decrease in BMD of the distal ulna is 
seen. No change in BMD is seen at the scaphoid fossa and lunate fossa.
FIGURE 7
A proximal postoperative view of the articular surface of the proximal row 
of the right wrist of the first patient showing an evenly distributed BMD 
in the proximal row after a Sauvé-Kapandji procedure.
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Force transmission through the wrist joint has baffled many generations of 
physicians. Many of the research done on this subject consisted of in vitro work on 
cadaver wrists bringing a variety of measuring devices into the wrist joint spaces1’ 3’
4, 16’ 20’ 25’ 26’ 31’ 41’ 4 5 - 4 7  50’ 52, 53, 55, 56, 59, 60. The results of this research on force
transmission through a normal carpal joint showed a pattern in which the 
radioscaphoid joint and the radiolunate joint are considered the predominant sites of 
force transmission (approximately 60% through the radioscaphoid and 40% through 
the radiolunate joint3’ 25’ 50, 80% to 85% through the radiocarpal joint and 15% to 
20% through the distal ulna1’ approximately 50% through the radioscaphoid and 
50% through the radiolunate joint26). Depending on the ulnar variance, the distal 
ulna and TFCC play a part in the force transmission as well1’ 4’ 31’ 39’ 60.
These in vitro methods’ however’ have considerable limitations. The disturbance of 
the delicate local anatomy by bringing measuring devices into the joint spaces 
introduces the element of material bias in the results. Only momentary forces 
applied to the joint surfaces can be measured. There is no possibility of long-term 
follow-up. Besides’ no assessment of in vivo force transmission is possible.
Although these in vitro methods showed a certain force-transmission pattern through 
the wrist’ our objective was to measure in vivo long-term force transmission patterns 
through the wrist joint. In order to do so we used a method that takes into 
consideration the fact that bone adapts to changes in forces, acting upon its surface. 
An increase in force will give rise to an increase in bone mineral density (BMD) 
likewise a decrease in force will give rise to a decrease in BMD. By measuring these 
changes in BMD, force transmission patterns can be quantified in vivo 6-9’ 11-15’ 17-19’
22 29 30 33 38 62’ ’ ’ - ’ . The results of these in vivo studies are in accordance with the in vitro 
studies.
To begin with, the feasibility of the Dual-Energy-X-ray-Absorptiometry scan 
(DEXA) was investigated by combining BMD patterns in normal and pathologically 
altered cadaver wrists, as well as in a patient with Kienböck’s disease. BMD pattern 
alterations could be observed. A shift of BMD was seen towards the scaphoid fossa 
in wrists with distal radius or proximal carpal row pathology, indicating a shift in 
force transmission towards this fossa.
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Although this shift could be seen in the two-dimensional DEXA-scan, no mapping 
of the joint surface could be done. The limitation of the DEXA-scan is that it only 
shows the occurrence of BMD pattern changes in a two dimensional plane. In order 
to predict force transmission changes in the joint itself, three-dimensional BMD 
mapping of the entire joint surface is necessary. To obtain this information a 
Computer Tomography Absorptiometry (CT-A) scan was performed 
After validation of the CT-A scanning in cadaver wrists the BMD patterns of fifteen 
patients with distal radius, distal ulna or proximal carpal row pathology were 
compared.
This method provided us with information regarding in vivo force-transmission 
patterns in normal and pathologically altered wrists. Force-transmission patterns in 
the preoperative situation can be used to help to define the indication for operative 
intervention. Comparing the preoperative BMD patterns with the postoperative 
situation one can assess the result of an operation in terms of force transmission 
pattern normalization. At the same time this method can also be used to measure 
changes in force-transmission patterns over longer periods of time allowing long­
term assessment of operative results.
A normal wrist shows a BMD pattern in which a bone density maximum is seen in 
the scaphoid fossa as well as in the lunate fossa, which accounts for approximately 
40 % of the entire joint surface. On the outer site of the BMD centers, an evenly 
distributed BMD on the surface of the distal radius, distal ulna and proximal carpal 
row is seen. This is in accordance with the report by Viegas49 in which it was stated 
that even with the highest loads applied the contact areas remain small, no more than 
40 % of the total joint surface. Small areas of increased BMD could be seen at the 
radiovolar aspect of the scaphoid fossa and at the ulnar styloid process. These 
increases in BMD are probably due to the insertion of the radio-scapho-capitate 
ligament (RSC) and the volar and dorsal radioulnar ligaments respectively.
This pattern is seen in all normal wrists and is in accordance with data obtained by
■ ( 1, 3, 4, 16, 20, 25, 26, 31, 41, 45-47, 50, 52, 53, 55, 56, 59, 60 i . . , ■ 11-15, 18, 22, 33-38in vitro and in vivo studies .
In patients with pathology of the proximal carpal row or the distal radius an 
abnormal intracarpal kinematic pattern is to be expected. An abnormal intracarpal
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kinematic pattern will give rise to an abnormal force-transmission pattern leading to 
the development of degenerative osteoarthritic changes10.
Three of the patients who underwent a proximal row carpectomy (PRC) suffered 
from a scapholunate dissociation (SL) and two suffered from a morbus Kienböck. In 
patients suffering from a SL-dissociation a consistent and specific BMD pattern 
could be observed preoperatively.
An increase in BMD can be seen at the styloid process and at the dorsal rim of the 
scaphoid fossa. This indicates an increase in force transmission through these areas 
and is in accordance with the malposition of the scaphoid relative to its fossa. These 
sites of increased BMD coincide with the sites where osteoarthritis develops in the 
wrist23’ 51’ 58. The results obtained by CT-A are in accordance with the in vitro studies
done by Viegas51, 55, 56 and Blevens3.
An increase in BMD can also be noticed at the ulnovolar aspect of the lunate fossa. 
This indicates an increase in force transmission in that area which can be attributed 
to the malposition of the lunate relative to its fossa. The lunate is rotated dorsally 
and translated ulnarly by the uncoupling of the lunate and scaphoid. The wedge 
shape of the lunate predicts its dorsal rotation movements when the scapholunate 
ligament (SL) is ruptured24. Due to the space between the scaphoid and lunate in a 
SL dissociation the capitate is able to move proximally.
Although the lunate fossa is not prone to develop osteoarthritis, Jeffries23 noticed 
that if osteoarthritis occurs it is usually on the ulnar side of the lunate fossa and at 
the ulnar side of the lunate itself. This resembles the force transmission patterns 
found in our studies. Watson58 57, however, stated that the lunate fossa is hardly ever 
affected by osteoarthritis.
Only two of our patients who underwent a PRC had a morbus Kienböck, so no 
specific BMD patterns of this subgroup could be established preoperatively. 
Regarding the BMD patterns after a PRC, consistent and specific BMD patterns 
could be observed. After a PRC the scaphoid fossa is unloaded. The lunate fossa 
becomes the predominant site of force transmission with a BMD maximum in its 
center. Although ulnar translocation of the lunate is to be expected after a PRC due 
to the more obtuse angle of the RSC-ligament, a BMD maximum is seen in the
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center of the lunate fossa. This indicates that after a PRC the center of force­
transmission is, unexpectedly, in the center of the lunate fossa.
A rotatory unstable situation is created after a PRC, due to a difference in curvature 
of the lunate fossa and the capitate, a relative increase in length of the RSC-ligament 
due to a more obtuse angle and the removal of the entire proximal row. However, 
long-term follow-up after a PRC revealed that heavy manual labour can be 
performed by patients who underwent a PRC21’ 43. So some stability of the wrist 
must exist after a PRC without peak moments of force-transmission.
The pronation stability is provided by the RSC-ligament and the supination stability 
by the extensor carpi ulnaris44 With increased load of the extrinsic muscles, stability 
is increased.
The shape of the lunate fossa is that of a socket with a certain diameter. It is possible 
that the capitate with a smaller diameter (2/3 of that of the lunate fossa21) is drawn 
into the deepest point of the socket by the action of the extrinsic muscles.
No high peaks in BMD were seen in the lunate fossa indicating no high centers of 
force transmission. This is probably due to the type of motion of the capitate relative 
to the lunate fossa. This motion is a translation and rotation movement 21 so the 
force is transmitted through a greater part of the curvature of the lunate fossa than 
was to be expected if only the curvature differences are taken into account.
Four of the patients who underwent a lunate-capitate-triquetrum-hamate arthrodesis 
(LCTH) suffered from a scapholunate dissociation (SL) and one suffered from a 
large cyst in the scaphoid. Regarding the BMD patterns after a LCTH, consistent 
and specific BMD patterns could be observed. After an LCTH arthrodesis the 
scaphoid fossa is unloaded. The lunate becomes the predominant site of force 
transmission with a BMD maximum in its center. Although the scaphoid is excised, 
no increase in BMD in the lunate fossa can be noted nor can an increase in BMD be 
seen in the distal ulna. The force, therefore, must consequently be equally distributed 
over the lunate fossa and the distal ulna without creating peak forces. Although the 
scaphoid fossa seems to play a major part in force transmission through the carpal 
joint2’ 3’ 13’ 18’ 25’ 27’ 28’ 33’ 34’ 41’ 42’ 48’ 50'52’ 55’ 56’ excision of the scaphoid and fusion of the 
lunate, capitate, triquetrum and hamate does not seem to increase the force
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transmission in the lunate fossa. After an LCTH-arthrodesis the BMD patterns in the 
lunate fossa resemble the BMD patterns after a PRC. An explanation for this may be 
the decreased use of the hand operated on due to a decrease mobility, which results 
after this type of surgery. Another reason could be that the follow-up is too short 
(one year) although Cowin5 states that the remineralisation process should be 
completed within several months.
The position of the lunate is restored in relation to its fossa by performing an LCTH- 
arthrodesis. No BMD increase at the dorsal edge of the lunate fossa was seen, which 
reveals that no riding of the LCTH bone block at the dorsal rim of the lunate fossa 
occurred. Radiolunate osteoarthritis is regarded a rare occurrence after an LCTH- 
arthrodesis32. This is in accordance with the fact the LCTH-arthrodesis can restore 
the normal relationship between the lunate and lunate fossa in terms of force 
transmission patterns.
Five patients with symptomatic distal radio-ulnar joint instability underwent a 
Sauvé-Kapandji procedure. In four out of these five, an ulnar plus variance was seen 
on the x-rays, preoperatively. Besides the clinical DRUJ instability, their 
concomitant wrist pathology was so divers that no characteristic patterns regarding 
the BMD patterns of the radiocarpal joint could be made. This would have been of 
interest, because Viegas54 suggested that in cases of DRUJ instability in combination 
with interosseus membrane rupture, a possible increase in force, transmitted through 
the radiocarpal joint, could be observed. The BMD of the distal ulna however was 
increased in all patients with an ulnar plus variance, suggesting an increase in force 
transmission at that site. An increase in force transmission through the distal ulna, in 
an ulnar plus situation, is in accordance with in vitro studies conducted by Werner59, 
60, Palmer39 and Schuurman40. As for the BMD patterns after a Sauvé-Kapandji 
procedure, some observations regarding the BMD patterns of the distal radius and 
ulna could be made.
By performing a Sauvé-Kapandji procedure with levelling of the radius in patients 
with an ulnar plus deformity, an unloading effect can be observed at the level of the 
distal ulna. This unloading effect is described by Werner59, 60 and Wnorowski61 in 
vitro. A decrease in BMD in the distal ulna was noted, although no increase in BMD
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of the radiocarpal joint was observed. This suggests that no increase in force 
transmitted through the radiocarpal joint occurs after a Sauvé-Kapandji procedure. 
With this operative procedure, DRUJ instability can be treated with the possibility to 
change an ulna plus variance into an ulna neutral one without jeopardizing the 
radiocarpal joint, in terms of force transmission pattern changes.
BMD pattern evaluation, by using CT-A, for long-term force-transmission 
assessment in the wrist joint under normal and pathological conditions as well as 
after surgical interventions seems an adequate tool. This method can be used in vivo 
without disturbing the joint anatomy and can be repeatedly used to obtain real long­
term effects in terms of force transmission through the wrist joint. It is therefore a 
valuable tool to evaluate operative procedures at the wrist joint, and assess whether 
these are beneficial or will create osteoarthritis at another location in the course of 
time.
In the future, when more powerful CT scans and computers will become available, 
our method will more easily assess the data obtained from patients suffering from 
wrist pathology. The method described will then be a valuable tool for clinicians 
dealing with wrist pathology to make decisions regarding operative interventions, to 
follow-up patients after wrist surgery and to continue research on the relation 
between carpal kinematics and force transmission.
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In order to assess the long-term force transmission patterns through the wrist joint, 
in vivo, a method was used in this study which can measure bone mineral density 
(BMD) pattern changes. Due to the fact that bone responds to changes in force 
acting upon its surface by becoming more or less dense, these BMD pattern changes 
reflect indirectly changes in force transmission over time. By applying methods 
which can measure in vivo force transmission over longer periods of time without 
any side effects for the patients, we are able to evaluate changes in force 
transmission patterns under different pathological conditions. At the same time, we 
can evaluate our surgical performance in terms of normalization in BMD (i.e. force 
transmission) patterns.
Chapter 1 introduces the problem investigated in this thesis. The possibility of 
measuring long-term force transmission patterns through the wrist joint, in vivo, is 
outlined.
The literature on in vitro and in vivo force transmission patterns and on the 
remodeling capability of bone under different loading conditions forms the basis of 
our method. We have been able to describe the longterm force transmission patterns 
in normal and pathologically altered wrists as well as in wrists following surgical 
interventions.
Chapter 2 describes the result of a Dual-Energy-X-Ray-Absorptiometry scan in one 
patient suffering from Kienböck’s disease. The shift in BMD towards the scaphoid 
fossa, in this case, is a result of an increase in force transmitted through the scaphoid 
fossa. The unaffected wrist shows a normal BMD pattern.
In chapter 3 the results are presented of a Dual-Energy-X-ray-Absorptiometry scan 
of 18 cadaver wrists. Pathologically altered versus normal wrists are described in 
terms of BMD pattern changes. These changes represent the shift in force 
transmission that takes places under pathological conditions. The scaphoid fossa 
becomes denser compared to the lunate fossa and distal ulna. The normal wrists 
show a BMD pattern in which the lunate fossa and the distal ulna play a significant 
part in the force transmission through the wrist joint.
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In chapter 4 BMD pattern changes can be visualized in pathologically altered 
cadaver wrists measured with Computer Tomography Absorptiometry. Herewith 
BMD pattern changes can be visualized as well as the mapping of these changes on 
the three dimensional picture of the joint surface. Force transmission pattern changes 
can be defined very precisely which enhances our knowledge about the relationship 
between changes in the kinematic chain and the altered force transmission pattern 
which goes along with these changes.
Chapter 5 focuses on the application of the method of describing force transmission 
pattern changes, discussed in chapter 4, by comparing BMD patterns in eight 
cadaver wrists and ten patient wrists (five of them normal and five pathologically 
altered). In the patient wrists BMD patterns of normal versus abnormal wrists are 
assessed. At the same time the BMD patterns in the pathologically altered wrists are 
evaluated in the preoperative phase and after a proximal row carpectomy.
The normal wrists of the cadavers and of the patients show a BMD pattern that is 
specific and consistent. A BMD maximum is seen in the center of the scaphoid fossa 
and of the lunate fossa. An evenly distributed BMD is seen throughout the rest of the 
scaphoid fossa, lunate fossa and distal ulna. This pattern indicates that force is 
transmitted mainly through the centers of the scaphoid fossa and the lunate fossa 
although the distal ulna and the periphery of these fossae play a part as well. In 
pathologically altered wrists a shift of BMD is seen towards the dorsal rim of the 
scaphoid fossa and towards the styloid process of the radius. The lunate fossa and 
distal ulna show a decrease in BMD. These BMD pattern changes coincide nicely 
with the areas where osteoarthritis usually occurs.
After a proximal row carpectomy the BMD of the scaphoid fossa decreases. The 
BMD of the lunate fossa resembles the BMD of same in an uninjured wrist. This 
indicates that force transmission patterns through an operated wrist resemble that of 
a normal wrist. Hence we may conclude that a proximal row carpectomy is a motion 
preserving operation to an injured wrist, whose loading conditions may be compared 
to those of a normal wrist.
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In chapter 6 five patients are discussed who underwent an lunate-capitate- 
triquetrum-hamate (LCTH) arthrodesis for treatment of their proximal carpal row 
pathology. The normal and pathologically altered wrists are compared in terms of 
BMD pattern changes. The postoperative situation in these wrists is compared with 
the preoperative situation. After the operation the scaphoid fossa is unloaded. No 
increased loading of the lunate fossa is observed. In terms of normalization of force 
transmission patterns it can be concluded that an LCTH-arthrodesis is a motion 
preserving operation to an injured wrist, whose loading conditions may be compared 
to those of a normal wrist.
Patients with distal radio-ulnar joint pathology involving an ulnar plus variance are 
discussed in chapter 7. The normal and pathologically altered wrists are compared 
in terms of BMD pattern changes. A Sauvé-Kapandji procedure with leveling of the 
distal ulna unloads the distal ulna without increasing the load to the radiocarpal 
joint, indicating that this procedure can restore stability of the DRUJ without the risk 
of increasing force transmission in the radiocarpal joint.
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Teneinde de krachtdoorleidingspatronen door het polsgewricht in vivo over langere 
tijd te beschrijven werd een methode gebruikt om botdichtheidspatronen te 
analyseren.
Vanwege het feit dat bot zich onder invloed van kracht aanpast door, afhankelijk van 
de belasting, minder danwel meer dicht te worden is het botdichtheidspatroon een 
maat voor de lange termijn krachtdoorleiding. Met de door ons beschreven methode 
zijn wij in staat om in vivo krachtdoorleidingspatronen te definiëren bij patiënten 
onder verschillende pathologische condities. Tevens is het mgelijk om door het 
combineren van de botdichtheidsmetingen vóór en na chirurgisch ingrijpen in het 
polsgewricht een uitspraak te doen in hoeverre een operatie-techniek normalisering 
van het krachtdoorleidingspatroon induceert.
In hoofdstuk 1 wordt de onderzoeksvraag geformuleerd. De mogelijkheid om in 
vivo krachtdoorleidingspatronen te definiëren wordt hier aangegeven.
De literatuur aangaande in vitro en in vivo krachtdoorleidingspatronen alsmede de 
door krachtinwerking geïnduceerde remodellering van bot vormt de basis van onze 
methode. Hierdoor zijn wij in staat de lange termijn effecten van krachtdoorleiding 
te definiëren en dit onder normale, pathologische en peri-operatieve condities.
In hoofdstuk 2 wordt het resultaat van een Dual-Energy-X-Ray-Absorptiometrie- 
scan van een patiënt met morbus Kienböck beschreven. De verschuiving van de 
botdichtheid naar de fossa scaphoidea is het resultaat van een toename van de 
krachtdoorleiding ter plaatse. De contralaterale pols vertoont een normale 
botdichtheidsverdeling duidend op een fysiologisch patroon van krachtdoorleiding.
In hoofdstuk 3 worden de resultaten van een Dual-Energy-X-Ray-Absorptiometrie- 
scan van 18 kadaver polsen behandeld. Pathologisch veranderde polsgewrichten 
worden vergeleken met normale polsen op basis van botdichtheidspatroon- 
veranderingen. De pathologische dichtheidspatronen worden gekenmerkt door een 
toename van dichtheid ter plaatse van de fossa scaphoidea en een afname ervan ter 
plaatse van fossa lunata en de distale ulna. Een normaal botdichtheidspatroon
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kenmerkt zich door een homogene verdeling van botdichtheid in zowel de fossa 
scaphoidea, de fossa lunata alsmede ter plaatse van de distale ulna.
In hoofdstuk 4 worden botdichtheidsveranderingen besproken in pathologisch 
veranderde kadaverpolsen die met behulp van CT-Absorptiometrie gemeten zijn.
Met deze techniek kan een driedimensionaal botdichtheidspatroon beschreven 
worden van de distale radius en ulna alsmede van de proximale rij (scaphoid, 
lunatum en triquetrum). Zodoende kunnen botdichtheidsveranderingen gedetailleerd 
in kaart gebracht worden. Deze informatie zorgt voor een toename van de kennis 
aangaande de relatie tussen veranderingen in de kinematische keten van het 
polsgewricht en de daarbij behorende veranderingen in krachtdoorleiding.
In hoofdstuk 5 worden de botdichtheidsveranderingen, gemeten met CT- 
Absorptiometrie, van acht kadaver polsen en tien patiënten polsen (vijf normale 
polsen en vijf pathologisch veranderde polsen) met elkaar vergeleken. Tevens 
worden de botdichtheidsveranderingen beschreven in de pathologisch veranderde 
polsen in de pre- en postoperatieve fase.
De normale polsen vertonen een constant en specifiek botdichtheidspatroon waarbij 
een bepaald botdichtheidscentrum te zien is in de fossa scaphoidea en fossa lunata. 
Daarnaast wordt ook een homogene verdeling van botdichtheid gezien in de rest van 
de fossae alsmede ter plaatse van de distale ulna. Dit botdichtheidspatroon geeft aan 
dat de krachtdoorleiding door het polsgewricht zich voornamelijk concentreert in de 
centra van de fossae waarbij de periferie van de fossae alsmede de distale ulna ook 
een rol spelen. In pathologisch veranderde polsen wordt een verschuiving gezien van 
botdichtheid in de richting van de dorsale rand van de fossa scaphoidea en de 
processus styloideus radii. De fossa lunata en de distale ulna laten een vermindering 
van botdichtheid zien. De beschreven botdichtheidspatroon-veranderingen komen 
overeen met de plaatsen waar in de pols arthrose ontstaat.
Na een proximale rij carpectomie neemt de botdichtheid ter plaatse van de fossa 
scaphoidea af terwijl deze in de fossa lunata overeen blijkt te komen met de normale 
situatie. Hieruit kan afgeleid worden dat het krachtdoorleidingspatroon de normaal 
toestand benadert. Concluderend kan gesteld worden dat een proximale rij
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carpectomie een operatie-techniek is waarbij beweging van het polsgewricht 
mogelijk blijft zonder verhoogde belasting ter plaatse van de fossa lunata.
In hoofdstuk 6 worden vijf patiënten besproken die een lunatum-capitatum- 
triquetrum-hamatum-arthrodese ondergingen in verband met proximale rij 
pathologie. De normale en pathologisch veranderde polsen werden vergeleken. De 
botdichtheidsveranderingen in deze laatste groep werden beschreven in relatie met 
de normale botdichtheidspatronen. Tevens werden de botdichtheidsveranderingen, 
na een LCTH-arthrodese, vergeleken met de pre-operatieve pathologische situatie.
In de postoperatieve situatie blijkt een afname van de botdichtheid ter plaatse van de 
fossa scaphoidea terwijl deze in de fossa lunata overeen blijkt te komen met de 
normale situatie. Hieruit kan afgeleid worden dat het krachtdoorleidingspatroon de 
normaal toestand benadert. Concluderend kan gesteld worden dat een LCTH- 
arthrodese een operatie is waarbij beweging van het polsgewricht mogelijk blijft 
zonder verhoogde belasting ter plaatse van de fossa lunata.
In hoofdstuk 7 werd gekeken of een Sauvé-Kapandji-operatie die uitgevoerd werd 
bij een vijftal patiënten met distaal radiolunair gewrichtspathologie in combinatie 
met een ulna-plus variant, zou leiden tot een verhoogde krachtdoorleiding door het 
radiocarpaal gewricht.
De normale en pathologisch veranderde polsen werden vergeleken.
De botdichtheidsveranderingen in de pathologische groep werden beschreven in 
relatie met de normale botdichtheidspatronen. Tevens werden de 
botdichtheidsveranderingen, na een Sauvé-Kapandji operatie, vergeleken met de 
pre-operatieve pathologische situatie. In de postoperatieve situatie blijkt een afname 
van de botdichtheid ter plaatse van de distale ulna terwijl deze in de fossa 
scaphoidea en de fossa lunata overeen blijkt te komen met de normale situatie. 
Concluderend kan men stellen dat een Sauvé-Kapandji-operatie een instabiliteit van 
het distale radiolunair-gewricht kan opheffen waarbij het mogelijk is een ulna plus 
variant terug te brengen naar een ulna neutraal zonder dat er veranderingen optreden 
in de krachtdoorleiding in het radiocarpaal gewricht.
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Gedurende deze tijd kwamen onze zonen, Floris-Jan op 18 mei 1998 en Maurits op 3 
oktober 2001, ter wereld.
Na mijn registratie als plastisch chirurg op 1 december 2001 ben ik tot 1 mei 2002 
als senior onderzoeker aan de afdeling plastische chirurgie verbonden gebleven, 
hetgeen geresulteerd heeft in de afronding van dit proefschrift.
Vanaf 1 augustus 2002 maak ik deel uit van de maatschap plastische, reconstructieve 
chirurgie en handchirurgie in de regio Zuidoost Brabant samen met de collegae
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Maarten Fechner, Julien van Rappard, Herm van Tits, Han Wilmink en Hans van 
Zanten.
CHAPTER 8
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BONE MINERAL DENSITY PATTERNS REPRESENTING THE LOADING HISTORY OF THE WRIST JOINT
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- K.C.I.
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- Mediprof Medical Products
- Mentor Benelux B.V.
- Orthomed B.V.
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- Rofil Medical Nederland B.V.
- Somas B.V.
- Stryker-Howmedica
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Stellingen behorende bij het proefschrift
BONE MINERAL DENSITY PATTERNS 
REPRESENTING THE LOADING HISTORY OF THE 
WRIST JOINT.
1. Botdichtheidsmetingen van het polsgewricht geven een 
betrouwbaar beeld van de lange termijn krachtdoorleiding 
door dit gewricht. (dit proefschrift)
2. De proximal row carpectomy is, in termen van 
normalisatie van de krachtdoorleiding, méér dan een 
“salvage procedure”. (dit proefschrift)
3. Een Sauvé-Kapandji procedure zorgt voor stabilisatie van 
het distale radio-ulnaire gewricht met behoud van de 
normale krachtdoorleiding in het radiocarpaal gewricht. 
(dit proefschrift).
4. De creatie van Eva was tissue-engineering avant-la-lettre.
5. In tegenstelling tot het overdragen van vermogen via 
schenking of erfrecht (estate-planning) bestaat er bij 
krachtdoorleidingsstudies, in termen van belasting, geen 
verschil tussen de “warme” en de “koude hand”.
6. Gezien het niveau van de gesprekken gevoerd met een 
mobiele telefoon, tast het gebruik van deze apparatuur, in 
tegenstelling tot wat in de wetenschappelijke literatuur 
bekend is, wel degelijk de hersenen aan.
7. Overwerk is een brevet van onvermogen.
8. The important thing is not to stop questioning." - Albert 
Einstein
9. "You cannot shake hands with a clenched fist." - Golda 
Meir
10. Gezien de enorme hoeveelheid papier die verbruikt wordt 
voordat een manuscript klaar is, is promoveren slechter 
voor het milieu dan zure regen.
11. In een zoekmachine raakt men snel de weg kwijt.
12. In het Nijmeegs medisch curriculum dient het onderwijs 
in de functionele anatomie van het bewegingsapparaat 
zijn plaats terug te krijgen.

UITNODIGING
Ter gelegenheid van mijn promotie, 
op 1 november 2002, nodig ik u en 
uw partner uit om dit heugelijke feit 
te vieren.
Het feest vangt aan om 21.00 uur 
in Chalet Brakkestein, 
Driehuizerweg 285 te Nijmegen.
Maarten M. Hoogbergen
UITNODIGING
De openbare verdediging van 
het proefschrift
Bone mineral density 
patterns representing the 
loading history o f the 
wrist joint.
Op vrijdag 1 november 2002 
om 13.30 uur precies
door
Maarten Hoogbergen
in de academiezaal in de 
aula van de Katholieke 
Universiteit Nijmegen, 
Comeniuslaan 2
Na afloop van de promotie 
vindt aldaar de receptie plaats.
